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INTRODUCTION 


At the time the present study was begun more than thirty mutant factors 
in the corn plant were being investigated, but a surprisingly small number 
of groups of linked factors had been found. It was, therefore, decided to 
make a systematic search for linkages by testing each factor in relation to 
all of the other factors. In this paper are given the results of tests made 
with tunicate ear, T,, /,, which was chosen as being especially adapted for 
such a linkage study. In using tunicate ear, a dominant character, it 
is not necessary to grow F, populations to get the recessives to be used in 
back-crossing the F; plants, as any non-tunicate plant recessive for one or 
more of the other factors involved in the original cross is a double, triple, 
or multiple recessive. 

The original purpose of this investigation was to establish the linkage 
relations between the factor pair for tunicate ear, T, ¢,, and other mutant 
factors in maize. Later, when it was shown by JONES and GALLASTEGUI 


1 Paper number 85, Department of Plant Breeding, ConNELL UNIVERsITY, Ithaca, New York. 


GENETICS 6: 209 My 1921 








210 W. H. EYSTER 


(1919) that the factor pair for sugary endosperm, S, s,, is linked with 
the factor pair for tunicate ear, T,, ¢,, this study was extended to include 
linkage tests involving sugary endosperm and the other mutant char- 
acters. At that time all of the material in the cultures of Dr. R. A. EMEr- 
son and Dr. E. G. ANDERSON that was concerned with the linkage relations 
of sugary endosperm was transferred to the writer. Some of the tests 
were made by them and the data are entirely theirs. This fact will be 
indicated as the data are presented. ; 


PREVIOUS LINKAGE STUDIES IN MAIZE 


Cotiins and Kempton (1912) were the first to record a case of linkage 
in maize. They presented data which show a linkage between waxy 
endosperm and aleurone color, although they did not determine which of 
the aleurone color factors is concerned. BREGGER (1918) reported further 
evidence on this linkage and showed clearly that it is the C aleurone color 
factor (East and Hayes 1911; Emerson 1918) that is linked with waxy 
endosperm. More recently Kempton (1919) published data which give 
additional evidence of the linkage between waxy endosperm and aleurone 
color. Hurtcuison (1921) has shown that a recessive factor for shrunken 
endosperm, s,, and the dominant aleurone color inhibitor, 7, are also 
members of this linkage group. 

LinpstroM (1917) reported the second linkage in maize. He found 
that the factor pair for golden plant, G g, is linked with the R r aleurone 
factor pair. In a later paper Linpstrom (1918) presented additional data 
on this linkage and gave evidence that a second chlorophyll factor pair, 
L 1, which produces yellow seedlings when recessive, is also linked with 
the R r factor pair. 

The third linkage recorded in maize was discovered by JONES and GAL- 
LASTEGUI (1919) who observed that, when the seeds with starchy and 
sugary endosperm from a self-pollinated plant heterozygous for both 
tunicate ear and sugary endosperm were planted separately, the starchy 
seeds produced a great excess of tunicate plants while the sugary seeds, 
on the other hand, produced an excess of non-tunicate plants. 

It has long been known by Emerson (1921) that one of the factor pairs 
for yellow endosperm is linked with the factor pair concerned in the pro- 
duction of purple anthers, P; :. 

The factor pair concerned in the production of sun-red plants, B b, has 
been shown by Emerson (1921) to be linked with the factor pair for ligule- 
less leaf, L,1,. More recently Emerson (1920) found that another mutant 
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factor pair, T, ¢., which produces a wholly pistillate plant when recessive, 
is linked with the factors for sun-red plant color and liguleless leaf. This 
type of pistillate plant is known as tassel ear. 

Emerson (1920) has found a second type of pistillate plant which he 
calls tassel seed (T, ¢,). He has shown that tassel seed is wholly different 
from tassel ear and that it is inherited independently of it. Tassel seed 
is closely linked with the factor pair for pericarp color, P p. 


MATERIALS AND METHODS 


The pedigree cultures with which this study was begun were kindly 
furnished by Dr. R. A. Emerson. Some of the original crosses were made 
by him in the summer of 1916. These, together with additional material, 
were transferred to the writer in the spring of 1917. In the course of this 
study Dr. Emerson was exceedingly liberal in furnishing material and 
gave many valuable criticisms and suggestions so that I am especially 
indebted to him. My constant association with Dr. ANDERSON was also 
extremely helpful. Both Emerson and ANDERSON placed freely at my 
disposal pedigreed plants involving a number of mutant factors, thus 
making it possible to get a large amount of linkage data from a minimum 
number of plants. Data on the linkage relations of sugary endosperm 
with other mutant factors that are from the notes of EMERSON and ANDER- 
SON will be indicated in the tables by prefixing to the pedigree numbers a 
distinguishing letter. The letter “E” signifies that the data are from the 
notes of Dr. Emerson, and the letter “A” refers in like manner to Dr. 
ANDERSON. 

Ordinary cultural methods were used in growing the plants. The seeds 
were planted in rows with one seed at-a place so that notes could be taken 
on individual plants. In noting the tunicate character although it is 
nearly always possible to identify the plants by the long glumes and thick 
tassels, in every case the husks were torn back and the ear examined for 
the tunicate character. 

Back-cross data are used in every test except for the factor pairs for white 
seedling, W w, which is lethal when homozygous recessive, and virescent- 
white seedling, V v, which produces white to yellowish-white seedlings 
when recessive. A few of the virescent-white seedlings become green and 
survive, but most of them die in the seedling stage (LinpstRom 1918). 

The probable errors of the ratios were read directly from probable error 
tables available in the laboratories of the Department of Plant Breeding, 
CorNELL University. The probable significance of the deviations in 
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relation to their probable errors are from the table of PEARL and MINER 


(1914). 


The 
paper: 


TERMINOLOGY 


following factors were used in the linkage tests reported in this 


A a, factor pair for anthocyanin pigmentation in the leaves, 
sheathes, and husks, and for colored aleurone (EMERSON 
1918, 1921). 

A, Gn, factor pair for semi-dwarf plant with anthers on the ears. 

B b, factor pair for brown plant color (EMERSON 1921). 

B, bi, factor pair for brown blotches on the leaves. 

C c, factor pair for colored aleurone (East and Haves 1911; Emer- 
SON 1918). 

C,c,, factor pair which produces a crinkling of the leaves. 

D d, factor pair for dwarf plant. 

F f, factor pair for a fine striping in the leaves (LinpstRom 1918). 

F, fi, factor pair for floury endosperm (East and Hayes 1915). 

G g, factor pair for golden plant (Lrnpstrom 1918). 

Gs gs, factor pair for green striping of the leaves (Linpstrom 1918).? 

I i, factor pair which inhibits the production of aleurone color 
(East and Haves 1911; Emerson 1918). 

J j, factor pair for japonica striping of the leaves (LINDSTROM 

, 1918). 

L I, factor pair for yellow seedling (LinpstRom 1918). 

L, 1,, factor pair for leaves without ligules (EMERSON 1912). 

P , factor pair for colored pericarp (EMERSON 1911). 

P; pi, factor pair for purple anthers (EMERSON 1921). 

P, p,, factor pair which produces purple aleurone in the presence 
of the other aleurone factor pairs (EMERSON 1918). 

R r, factor pair for red aleurone (East and Hayes 1911; Emerson 
1918, 1921). 

R,7,, factor pair for ramosa ear (GERNERT 1912). 

S, Sa, factor pair for shrunken endosperm (Hutcuison 1921). 

S, s,, factor pair for sugary endosperm (Correns 1901; East 
and Hayes 1911). 

T. t., factor pair for pistillate plant, tassel ear (EMERSON 1920). 

T, t., factor pair for pistillate plant, tassel seed (EMERSON 1920). 


2 Linpstrom used the symbol 5; for this factor but G; is now being used by him and other 


workers in corn as being the more significant symbol. 
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T,, t,, factor pair for tunicate ear (CoLtins 1917). 

W w, factor pair for white seedling (LinpstRom 1918). 

W, w,, factor pair for waxy endosperm (CoLtins and KEMPTON 
1913; BrEGGER 1918; Kempron 1919). 

Y y, one of the factor pairs concerned in the production of yellow 
endosperm (East and Hayes 1911; Emerson 1921). 


TUNICATE CHARACTER 


The tunicate plants used in this study were all from a common source, 
having been obtained by Dr. Emerson from the Department of Farm 
Crops, CORNELL UNIVERSITY. The plants resémbled sufficiently the 
strain of tunicate plants described and illustrated by Cottrns (1917) as 
to make a detailed description here unnecessary. The most important 
characteristic of tunicate plants is that the glumes of the ear develop to 
such an extent that each kernel is entirely enclosed. The tassel glumes 
are also longer than those of non-tunicate plants and this gives the tassels 
a thickened appearance. It is possible to identify tunicate plants by their 
thickened tassels. 

Cottins (1917) found that the homozygous tunicate plants are sterile 
and that the ordinary type of tunicate plants is a case of imperfect domi- 
nance somewhat analogous to the blue Andalusian fowl. JoNnEs and 
GALLASTEGUI (1919) reported observations on the inheritance of the tuni- 
cate character which confirm the conclusions of CoLLIns. 

A summary of the back-crosses made in the course of this study shows 
that of the 12,324 plants noted, 6113 were tunicate and 6211 were non- 
“tunicate. This is a deviation ftom the i:1 ratio expected, of 49.0 + 37.4 
plants. A deviation as large as this would be expected to occur about 38 
times out of every 100 trials due to the errors of random sampling. These 
data give further evidence of, CoLLins’s interpretation. 


LINKAGE BETWEEN TUNICATE EAR AND SUGARY ENDOSPERM FACTORS 


Attention has already been called to the paper by Jones and GAL- 
LASTEGUI (1919) in which it is shown that the factor pair for tunicate ear, 
T. tu, is linked with the factor pair for sugary endosperm, S, sy. The 
numbers from which this observation was made are small, yet the distri- 
bution is clearly different from the ordinary dihybrid ratio which would 
obtain if the factors assorted independently. 

A number of crosses were made between heterozygous tunicate plants 
with homozygous starchy endosperm and non-tunicate plants with sugary 
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endosperm. The resulting seeds were all starchy. A small planting was 
made from each cross and the progenies consisted of tunicate plants and 
non-tunicate plants in approximately equal numbers. Tunicate plants of 
these progenies, which had the genetic constitution T, ¢, S, s., were back- 
crossed reciprocally with non-tunicate plants homozygous for sugary endo- 
sperm. The results of these back-crosses are given in table 1. The starchy 
and sugary seeds from these back-crossed ears were planted separately. 
The starchy seeds in every instance produced an excess of tunicate plants 
and the sugary seeds produced an excess of normal plants. The parental 
combinations of these factors tend to be inherited together with a recom- 
bination occurring in about 27 percent of the cases in the megasporocytes, 
and approximately 35 percent in the microsporocytes. The tendency of 


TABLE 1 


Progenies from back-crosses involving tunicate ear and sugary endosperm. 





| PERCENT 
PEDIGREE NUMBERS Su Tu Sy tu su Ty Su tu CROSSING 
OVER 





Ts ty Se Su x ty le Su Su 




















PE Ae a 65885 Neco sees oee sumer 89 19 31 98 21.10 
errr ae 57 63 127 30.46 
PG Ue PD 6.8.5 gs dvissica cuca ses 90 35 24 70 26.94 

Spar Aa ere? Ort eer ee 326 111 118 295 26.94 

bk Se Se Me Fa betes Se 

BPRS MeO ko 66 bee ecce cies bs% 26 8 19 25 34.62 
PE. POM si. o so ccoSeeceebeissces 78 56 32 86 34.92 

a + c5tR a aa weweetiekandendaten 104 64 51 111 34.85 











these factors to remain together in inheritance can be explained by assuming 
that they are located in the same chromosome and that the recombinations 
are the result of crossing over. In megasporogenesis the amount of crossing 
over in the plants tested varied from 21.1 to 30.5 percent while in micro- 
sporogenesis the amount of crossing over in both plants tested was approxi- 
mately the same, though about 8 percent higher than in megasporogenesis. 

The data reported by Jones and GALLAsTEGuI (1919), with only about 
8 percent of crossing over, indicate a much closer linkage between the factors 
for tunicate ear and sugary endosperm than is shown by any of the back- 
cross data here presented. These investigators call attention to the fact 
that the plants from which their data were taken were grown in hills, 
and that when classifying them it was not always possible to tell which was 
plant and which was sucker as the plants suckered profusely. It is not 
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impossible that the same plants may have been counted more than once. 
Whether this source of error together with the small number of F, plants 
grown by them is sufficient to account for the difference between their 
results and the results of this study, or whether this wide variation in 
linkage is due to other causes, is not known. 


VARIATION IN LINKAGE 


These data indicate that crossing over is not absolutely fixed in amount, 
but varies, due apparently to fluctuations in environmental conditions, 
or to internal changes in the mechanism of crossing over itself. MorGAN 
(1919) has recently given a summary of the variation in crossing over in 
Drosophila melanogaster. It has been found that in this organism crossing 
over is affected both by environmental conditions and genetical factors 
carried by the chromosomes themselves. In plants crossing over occurs 
in the production of both megaspores and microspores and apparently 
more frequently in the latter. 











TABLE 2 
Statistical study of Altenburg’s data on Primula sinensis. After GOWEN (1919). 
MALE | FEMALE | DIFF 
Bren | Murer | rencenr | rancenr | PUFERENCE | og. D> 

Non-crossovers..........- 1829 266 55.56 | 67.81 | 12.30+1.7 7.2 
FEET siccccsccevcss) BOSS | IF 31.97 | 27.30} 4.69+1.4 3.2 
Second single.............| 325 | 11 9.87 2.81 | 7.07+0.9 7.4 
BOIS wa siviaaiden teak 85 | 8 

















ALTENBURG (1916) published back-cross data on factor linkages in 
Primula sinensis, which indicate that crossing over in microsporogenesis 
is consistently higher than in megasporogenesis. GOWEN (1919) made a 
statistical study of ALTENBURG’s data, a summary of which is given in 
table 2. The deviations range from 3.2 to 7.4 times as large as their 
probable errors. GOWEN points out that deviations as large as these are 
not without significance. 

The writer has made a similar statistical study of differences in the 
amount of crossing over in the microsporocytes and megasporocytes in 
maize with the results shown in table 3. The data reported in this paper 
on the relation between tunicate ear and sugary endosperm indicate that 
the average amount of crossing over in the microsporocytes is 7.9 + 2.0 
percent higher than in the megasporocytes. The odds against a deviation 
as great as this being due to the errors of random sampling are about 135 
to 1, and may be considered significant. A summary of BREGGER’s (1918) 
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data on the linkage between waxy endosperm and the C aleurone factor 
shows that crossing over was 2.46 + 1.11 percent higher in microsporo- 
genesis than in megasporogenesis. In this case the deviation is approxi- 
mately twice as large as the probable error. A difference of this magni- 
tude would be expected about once in five trials due to errors of random 
sampling and is usually considered not significant. It is important to 
note, however, that it is in microsporogenesis that the higher percentage 
of crossing over occurs. The plants heterozygous for waxy endosperm 
and the C aleurone factor were grown by BREGGER in the summer of 1916 
while the plants heterozygous for tunicate ear and sugary endosperm were 
grown in the summer of 1918, and in a different part of the garden. It 


TABLE 3 
Variation in linkage in maize. 












































FEMAL: MALE » 
FACTORS INVOLVED HETERO- RETERO- canoes ..™ DIFFERENCE rs yoy 
Tu-Su 
Non-crossovers....... 621 215 73.06 | 65.15 | 7.91+1.99 3.97 
i ee a 229 115 26.94 | 34.85 
C-wz 
Non-crossovers....... 1445 832 74.25 71.78 | 2.46+1.11 2.22 
Crossovers........... | S01 327 25.75 | 28.22 | 
TABLE 4 
sete | Sut | stu | som | REM, 
| | 
tutu Sp Su X Ti ba Su Su 
ree En cs ck dcncdwtesec 26 8 19 25 34.6+3.8 
Tote Su Su MK baba Su Se 
1440-4 X ESS75S-4..........00008..| “W 35 24 70 26.9+2.7 
EG. co's, cca clb. ch wodd caenn cabp abe bes é tnd 0k os sees wie eens nen 7.74.4 








is evident that the environmental conditions were different for these two 
lots of plants. Neither can the plants which were grown the same season 
be considered to have been exposed to identical environmental conditions, 
as the seeds were planted without regard to soil differences. Whether this 
variation in linkage is due to environmental conditions or to genes in the 
chromosomes themselves is at present not known. 

Perhaps the best measure of the difference in the amount of crossing 
over in the microsporocytes and megasporocytes could be obtained by 
testing both the pollen and ovules of individual plants. Incidentally one 
plant heterozygous for tunicate ear and sugary endosperm was tested in 
this manner. The pedigree number of this plant is 140-4. Plant E8575-4 
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was of the genetic constitution /u t Su su and was used to test the pollen 
and ovules of plant 140-4. The reciprocal crosses of these plants are given 
in table 4. It is seen that crossing over was 7.7 + 4.4 percent higher in 
the microsporocytes than in the megasporocytes. Unfortunately the 
number of plants grown from these back-crosses is small. 


LINKAGE TESTS BETWEEN THE Tu-Su GROUP AND OTHER GROUPS OF LINKED 
FACTORS 


Tests involving Tu and su with the C-w:-s,-I group 
Factors Ty and C 


Plants heterozygous for tunicate ear and sugary endosperm were back- 
crossed to C aleurone testers of the constitution A Acc RR tu tu. The 
progenies from these back-crosses are given in table 5. The deviation 
from the 1:1 ratio expected for independent inheritance is only 1.0 + 10.1 
plants which is a very close fit. 


TABLE 5 
Progeny from the back-cross Ty tu C ¢ X tutu ¢. 

















PEDIGREE NUMBERS | Su Ts Su te SuTu Sutu 
sod boc wataeee eRe wu oe kets 31 32 36 36 
MN a dk on ouKs. odes ethane desees 67 64 83 84 
Een retss Hats haeh onenneeh ewan] 53 53 54 58 
EE Or ree 54 68 60 69 

we oe ae 233 247 





Factors Sy and C 


Extensive tests have been made by EMERSON and ANDERSON between 
starchy-sugary endosperm and the C aleurone factor. Heterozygous 
plants from the cross S, S, C C X su Su ¢ ¢ were back-crossed to sugary C 
testers of the constitution A Acc RRs,s,. ‘The plants grown from these 
back-crosses are given in table 6 under coupling series. This represents 
a coupling series as both dominant factors were associated in one of the 
parental plants. In the second part of table 6 are given the results of 
back-crossing heterozygous plants from the cross Sy Suc¢ X Susu CC to 
sugary C testers. As each parent contributed one of the dominant factors 
these data may be considered a repulsion series. In the coupling series 
there was a total of 2335 seeds. Of these 1185 had the parental combina- 
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tion and 1150 the new combinations of the factors, a deviation of 17.5 + 
16.3 from the 1:1 ratio expected. There was a total of 2067 seeds in the 
repulsion series of which 1027 had the parental combinations while 1040 
had the factors in new combinations. This is a deviation from a 1:1 
ratio of only 6.5 + 15.3. In both cases the fit is very close. 


TABLE 6 
Progeny from the back-cross Su su C ¢ X Su Sy €¢. 





PEDIGREE NUMBERS C Sy C sy ¢ Se C Se 





Coupling series 











E7689-2 X E7509-6........... 115 82 117 84 
E4734-13 X E4717-32.......... 58 54 53 48 
E8566-15 X E8479-1........... 91 127 101 134 
E8566-7 X E8479-1........... 113 121 103 137 
E7507-10 X A196-1............ 33 31 41 36 
Bese) MAIS... 0 2 ccc 97 96 81 120 
E8610-2 X E8567-1........... 65 72 71 54 
pA rere er 572 583 567 613 
Repulsion series 
E2878-1 X E2884-50........... 28 14 26 28 
E2879-4 X E2884-68........... 34 23 16 24 
E2881-4 X E2884-64........... 17 23 18 16 
E2882-6 X E2884-43........... 96 66 74 62 
E2882-9 X E2884-36........... 41 42 38 50 
E2882-2 X E2884-43........... 66 39 95 28 
E2883-7 X E2885-6............ 85 71 86 106 
E8611-1 ¥ E8567-1............ 88 97 85 90 
E8611-3 X E8567-+4............ 87 101 113 94 
Rs 5 cee ah ch awesesee eT eeaed 542 476 551 498 

















Factors T, and W:z 


A plant homozygous for waxy endosperm was crossed with a heterozygous 
tunicate plant with starchy endosperm. All of the resulting seeds were 
starchy, which, when planted produced tunicate and non-tunicate plants 
in approximately equal numbers. One of the tunicate plants of this 
progeny was back-crossed to a normal plant with waxy endosperm. The 
ear produced from this cross contained 104 starchy and 107 waxy seeds. 
These seeds were planted separately the following year but the germination 
was exceedingly poor. None of the waxy and only a small percentage of 
the starchy seeds produced plants. Of the 18 plants grown, 8 were tunicate 
and 10 normal. 
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Factors 7, and S; 





It was observed that the back-crossed ear in the tunicate-waxy test 
also segregated for shrunken endosperm. Of the 104 starchy seeds, 34 
were noted as shrunken and 70 as normal. Of the 107 waxy seeds 80 
were shrunken and only 27 were normal non-shrunken. Because of the 
immaturity of the seeds their separation into the various classes was not 
altogether satisfactory, but the numbers are distinctly different from the 
1:1:1:1 ratio expected in independent inheritance. These data indicate 
a linkage between waxy endosperm and shrunken endosperm with about 
29 percent of crossing over. The shrunken and normal seeds were planted 
separately. From the normal seeds there were produced 5 tunicate plants 
and 7 normal plants and from the shrunken seeds there were 3 tunicate 
plants and 3 normal plants. 


Factors S, and J 


Several plants heterozygous for the factor pairs for starchy-sugary 
endosperm and the dominant aleurone color inhibitor were back-crossed 
by ANDERSON to plants having sugary endosperm and recessive for the 
aleurone-color inhibitor. The progenies from these back-crosses are given 
in table 7. There were 340 kernels with factors combined as in the parents 
and 310 kernels with the recombination of the factors. The deviation from 
a 1:1 ratio is 15.0 + 8.6. 


TABLE 7 
Progeny from the back-cross, Su Sul i X% Su Suit 











PEDIGREE NUMBERS Sy JT sud Sut Sui 
Pe 34 14 36 29 
PS ee ee 79 58 77 58 
Fe SS a eee 75 56 69 65 

PRR nb ec awinsiekion’s s vacdpwsee ds's 188 128 182 152 

















So far as tests have been made the data indicate that the factors for 
tunicate ear and sugary endosperm are inherited independently of the 
factors belonging to the C-W:-S,-J linkage group. 


Tests involving T, and S, with the G-R-L group 
Factors T, and G 


Back-crosses involving tunicate ear and golden plant gave a total of 
349 green and 314 golden plants as shown in table 8. Of the green plants 
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173 were tunicate and 176 non-tunicate, a fairly good 1:1 ratio. Of the 
golden plants 147 were tunicate and 167 non-tunicate, also a fair approxi- 
mation to the equality expected. Classes one and four, which represent 














TABLE 8 
Progeny from the back-cross Ty tu G g X tu tu g g 
PEDIGREE NUMBERS GTu | G ly gTu & tu 
| x 

asc oe curawentied ness bonne nae 47 | 40 39 46 
MIN ack 54s & kk we wk wale pons aa Gene bron 31 | 30 15 23 
a al 6.3 Gv ea seeaaiwin ietparia tase Catenin 74 76 62 63 
ts bio Seid bane ah OS oe apa 21 30 31 35 
OB io din Gh skeecenievesce ae tas 173 | 176 | 147 167 














the parental combinations of the factors, have a total of 340 plants while 
classes two and three, with the new combinations of the factors, have a 
total of 323 plants. The deviation from the 1:1 ratio expected in inde- 
pendent inheritance is 8.5 + 8.6. A deviation as large as this would be 
expected once in every two trials. 


Factors JT, and R 


A number of plants heterozygous for tunicate ear and the R aleurone 
factor were back-crossed to R aleurone testers of the constitution A A 
C Crrt, ty. The progenies of these back-crosses are given in table 9. 


TABLE 9 
Progeny from the back-cross Ty tu Rr Xtuturr 











PEDIGREE NUMBERS | RTx | Rly rTx rly 

OL , SR raat. 4 4 2 1 
BONED: ik oo Goud tndencsenes se eee 54 52 43 45 
DMI, i Suscbrbine o> a tiowhw Sebel =6 6? 58 7? 
ik is dedeitiotieswiexsmcting Cae 50 46 51 
EE pacicnc ea iete abv eme sana bes | 153 168 149 169 











Colored and colorless seeds in approximately equal numbers were produced 
as expected. From the colored seeds 321 plants were grown, of which 153 
were tunicate and 168 non-tunicate. The colorless seeds produced 149 
tunicate and 169 non-tunicate plants. In each case the ratios are fairly 
close to the equality expected. Of these progenies 322 plants had the 
factors in the same combinations as the parents and 317 plants were the 
result of the new combinations of the factors involved. This is a deviation 
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from the 1:1 ratio expected of 2.5 + 8.5 plants, which is an exceedingly 
close fit. 


Factors S, and R 


A number of back-crosses involving sugary endosperm and the R aleurone 
factor were made by Emerson and ANDERSON. The progenies of these 
back-crosses are given in table 10. The back-crossed ears produced a 
total of 1610 starchy and 1368 sugary seeds. The starchy seeds were 


TABLE 10 


Progeny from the back-cross Susu Rr X SuSurt? 




















PEDIGREE NUMBERS | Sy R Suf su R Su? 
E2878-1 X E2884-50..............| 21 31 46 24 
Wege7vo-4 >< B2064-68............5.. 22 17 19 23 
E2887-6 xX E28@@-43.............. 91 76 47 66 
Breeto x BIGGE-36....5....05000% 30 36 34 30 
E2882-2 X E2884-43..............| 68 54 13 28 
E6653-2 ee 17 | 12 4 6 
E6653-7 X £6652-3...............| 82 75 57 69 
E2883-7 xX E2885-G............... 19 43 17 30 
A273-7 -X E7507-9............... 47 62 37 33 
A273-10 X< E7S07-7................ 25 26 26 19 
CS ey Sr 29 29 2 3 
ee 58 37 49 40 
8483-6 X< E8572-4...............1 42 28 32 28 
E8578-1 X E8483-3...............| 75 72 89 94 
Soy SSS 62 64 75 71 
TRGII-9 + BSS7S-4. ..... 0.0. ce ect 89 106 91 105 
BS6i1-4 >< BSS75-4........5...005% 28 37 27 34 
SSRI ee a ae 665 703 








colored and colorless in an exactly 1:1 ratio, there being 805 of each. Of 
the sugary seeds, 665 were colored and 703 colorless, a fairly close approxi- 
mation to a 1:1 ratio. Of the total number of seeds 1508 had the factors 
combined as in the parents and 1470 had the factors in the new combina- 
tions. This is a deviation from the 1:1 ratio expected of only 19.0 + 18.4 
individuals. A deviation as great as this would be expected to occur once 
in every two trials due to the errors of random sampling. 

The data from these tests give no indication of a linkage between either 
T,, or S, and the members of the G-R-L linkage group. 
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Tests involving T, and S, with the B-L,-Te group 
Factors T, and B 


A number of sun-red plants of the constitution 7, t, B b were back- 
crossed to dilute sun-red plants with the factorial constitution ¢, t, 0 0. 
These back-crosses gave a total of 1405 plants as shown in table 11. Of 
these 692 had the parental combinations of the factors while the two new 
classes resulting from the recombination of factors had a total of 713 plants. 
This is a deviation of 10.5 + 12.6 from a 1:1 ratio expected for factors that 
are inherited independently of each other. 


TABLE 11 
Progeny from the back-cross Ty, tu Bb X tu ty bb. 











PEDIGREE NUMBERS BTx Bty 6Ty b ty 

SN sé. 66isiw dds Lee ov Ceuwee Ces 30 28 37 30 
Shoo Rain eat aves avers 70 71 80 76 
RP Po ore 8 3 3 4 
DE: 6 co Niptracele Gee yee dvinen skews 83 56 84 94 
oe NEO OTT POET OCT CEE 33 40 34 18 
MGR CI. Ni sauseesceewuaa Kuiseenkieed 23 14 25 29 
ity Marko do awa lek Rte 9 oan = oe ROI 15 14 21 9 
ee TOE: pire 40 21 48 12 
EES sac oS nk ae kee Cua ean ees 51 75 59 67 
PDS 5 acccud foenen ice vies estes 353 322 391 339 

















Factors S, and B 


Other sun-red plants known to be heterozygous for the factor pairs B b 
and S, s, were back-crossed by EMERSON and ANDERSON to plants having 
the genetic constitution s, s, 6 b. The results of these back-crosses are 
given in table 12. Starchy and sugary seeds were produced in approxi- 


TABLE 12 
Progeny from the back-cross Sy su Bb X su su bb. 


























PEDIGREE NUMBERS Sy, B Sy b Sy B Sub 
EET o £.0:60 sec p ct sienceenees 36 39 17 17 
re oe 45 65 34 33 
REDS 6s 6s diviau vscewecindpecie 54 36 18 15 
og a error ror: 69 88 57 69 
Is 66 LONG (esate ccdbawese 75 89 61 57 

EE. ci dth wk an vcite'oeonlew bewen 279 
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mately equal numbers. From the table it may be seen that the sugary 
seeds produced only 378 plants while the starchy seeds produced 596 
plants. This difference is due to the much lower percentage of germina- 
tion of the sugary seeds. Both starchy and sugary seeds gave sun-red 
and green plants in fairly equal numbers. Of these plants 470 had the 
parental combinations of the factors and 504 the factors in the new com- 
binations. This is a deviation of 17.0 + 10.4 from equality expected for 
independently inherited factors. 


Factors T, and LZ, 


Many of the back-crosses made in the course of this study involved 
tunicate ear and liguleless leaf. Some of these back-cross progenies are 
given in table 13. There is a total of 1692 plants and for every class the 











TABLE 13 
Progeny from the back-cross Ty ty Lg lg X tu tu lg ly. 

PEDIGREE NUMBERS Ig Tu Tg tu lo Tu lo tu 
Ee eee 49 50 35 
ONE ENE Saree en ee 28 20 21 19 
SOS Pc ed 58 59 73 61 
ERE PSP Cir se we 7 10 7 6 
_ SEES Ce eae mae 16 7 13 
teen Se hs ay ol 18 33 34 32 
Ee ORE eae 25 22 14 
(ORS Serer ae EE 45 62 67 
| ~ 2.3 et eee a 48 33 41 
"RE, ei: Spee 2 8 11 6 16 
MNS ES ee 5 4 5 3 
ee ior. ok. ae 75 65 16 
RETR RA 17 5 9 7 
Wiis cok t tis on te hota cas vis cd 34 28 31 21 

SE ee 428 428 425 411 














observed number is very close to the number expected for independent 
inheritance. There were 839 plants with the parental combinations and 
853 with the new combinations of these factors. This is a deviation of 
7.0 + 13.9 from the 1:1 ratio expected. This is a close fit and indicates 
that these factor pairs are not linked. 


Factors S, and LZ, 


Several tests between the factor pairs S, s, and L,/, were made by EMER- 
son and ANDERSON. The progenies of these back-crosses are listed in 


Genetics 6: My 1921 

















224 W. H. EYSTER 


table 14. The starchy seeds produced 683 plants with normal leaves and 
652 plants with leaves without ligules. The sugary seeds produced 376 
plants with normal leaves and 379 plants with liguleless leaves. In each 
case the numbers closely approach the 1:1 ratio expected. Of the total 
number of plants 1062 had the same combinations of these factors as the 
parents and 1028 were the result of the new combinations of factors. This 
is a deviation of only 17.0 + 15.4 from equality and apparently the factors 
for sugary endosperm and liguleless leaf are not linked. ; 


TABLE 14 
Progeny from the back-cross Sy Su Lg lg K Su Su lg ly. 





























PEDIGREE NUMBERS | Su Lg | Su lg su lg Su lg 
A305-1_ X E7317-6.. ie ea 61 70 
A395-8 X E7317-2... 20 25 27 21 
A395-9 X E7317-5... 111 95 89 79 
E7317-6 X E7318-4........00..000. 61 63 40 40 
E7318-4 X E7317-6..........00000. 84 81 56 47 
E7318-1 X E7317-4..........00000. 63 58 36 38 
E7316~4 X E7317-S......00..00000: 30 28 9 6 
E7316-S X E7S17-S.:...........000. 32 25 7 13 
E7316-6 X E7317-S..........c0c00. 65 52 15 26 
E7316-6 X E7322-4........ 000000: 34 44 7 7 
E7322-4 X E7317-6.........0..000: 30 «3«| ~~ 32 5 4 
E7322-3 X E7317A.......-eee] 63 | 7 24 28 

ee eee i aa 376s 


| | 379 





The data from these tests indicate that tunicate ear and sugary endo- 
sperm are inherited independently of the B-L,-T. linkage group. 


Tests involving T, and S, with the P-T, group 


Factors S, and P 


Several plants heterozygous for starchy-sugary endosperm and pericarp 
color from the cross S, S, P P X Su Su p p were back-crossed by EMERSON 
and ANDERSON to plants with sugary endosperm and colorless pericarp. 
The progenies of these back-crosses are given in table 15. From the starchy 
seeds were grown 417 plants. Of these 205 had colored and 212 colorless 
pericarp which approaches closely a 1:1 ratio. Of the 289 plants grown 
from the sugary seeds 144 had colored and 145 colorless pericarp which 
is almost exactly a 1:1 ratio. There was a total of 350 individuals with 
the parental factor combinations and 356 with the factors in new combina- 
tions. This is a deviation of only 3.0 + 9.0 from equality and indicates that 
these factor pairs are inherited independently. 
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TABLE 15 
Progeny from the back-cross Su Su P p X Su Su P P. 

PEDIGREE NUMBERS Sy P Sud Su P Su? 

16658-2  BS6SO-4................ | 15 12 6 3 
A395-1 X E7317-60............... 75 78 56 72 
ee eo 25 ‘20 20 28 
ASDS-9 XC B7SIIAS:..<..0ccsc0s0ecss 90 102 62 42 
Sl APS lg AE, ae | 205 212 144 145 














Factors T,, and P 


A number of crosses made for other tests involved tunicate ear and 
variegated pericarp color and a few of such heterozygous plants were 
back-crossed with non-tunicate plants having colorless pericarp. From 
these back-crossed ears were grown 1194 plants and of these 582 were 
tunicate and 612 non-tunicate, as shown in table 16. The tunicate plants 
were not noted for pericarp color as the variegation is sometimes limited 
to a few seeds, or even a single seed, and it would have been necessary 











TABLE 16 
Progeny from the back-cross Ty ty P ~ X tu tu PP. 

PEDIGREE NUMBERS Tu P+Tud ly P tu ? 

SRN GRteinesae tech elds sobs an teks 59 35 50 
SL Cas Seah iweb ewaasehdews icon ko 52 21 45 
SE ich asa eN ORES h EAN Oat eee edbic« 121 64 58 
ee ere ce CLAe Pee re aeanaraaes 42 23 22 
MEAN kde we (hd @06080 66.0060% 14 5 10 
ER Deere One ner ee ee 21 21 12 
EE Ee eS ee en ea 93 38 48 
ROR Pen eee ee eee 131 56 oF 
496 49 13 27 
BES Sic Sere 30 ab da SNe vepue Gav 0s 582 276 336 














to husk out and examine every seed to make sure that a given ear had color- 
less and not variegated pericarp. Of the non-tunicate plants 276 were 
noted as having pericarp color and 336 as having colorless pericarp. This 
is a deviation of 30.0 + 8.3 from equality. The separation of the non- 
tunicate plants into classes with and without pericarp color was made 
on the plants in the field on a very cold day and it is possible that this 
wide deviation is due to having noted some of the exceedingly light varie- 
gated ears as colorless. 
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No tests have yet been made involving tunicate ear and sugary endo- 
sperm with tassel seed. 


Tests involving T,, and S,, with the Sm-Y-P; group 
Factors T,, and P; 


Several plants heterozygous for tunicate ear and the plant-color factor 
pair, P; ~:, were back-crossed to non-tunicate sun-red plants of the genetic 
constitution ¢, t. p: pi. The progenies of these back-crosses are given in 
table 17. The classes representing the parental combinations of these 
factors include 172 plants, while in the two classes with the new combina- 
tions of the factors there are 181 individuals. This is a deviation of only 
4.5 + 6.2 from a 1:1 ratio and indicates the independence of these factor 
pairs. 

TABLE 17 
Progeny from the back-cruss Ty tu Pt pi X tu tu pr pr. 














PEDIGREE NUMBERS Ty Pi ty Pi Tu Pi tu PL 

I sg sired de v0 dno sd enadecl . t pe OS 14 
Dpenreritaverterssisievwensved a, -. 59 76 
MED ica csc ete. wuik Edad nnnkecel 11 11 11 11 
Rc seidbbantnevarenkiconel : 4 2 3 
| re a” 93 88 104 





Factors S, and P, 


A number of plants heterozygous for starchy-sugary endosperm and the 
purpling plant-color factor pair, P; ~:, were back-crossed by EMERSON 
and ANDERSON to dilute sun-red plants: with sugary endosperm. The 
progenies of these back-crosses consisted of 557 dilute purple and 555 


TABLE 18 
Progeny from the back-cross Sy Su Pi pi X Su Su pi Pr. 























PEDIGREE NUMBERS Sy Pi Su pl su Pr Su Pi 
E7317-6 X E7322+4 16 19 2 3 
idee—4. KX BISUIAG. «2... cccevess 19 16 + 4 
oye Be a 28 35 19 18 
A273-7 =X E7507-9 110 105 70 69 
AZ7S-10 MK E7SOI=7.... 2. ce cieces 55 48 66 70 
si oY dle a). 69 67 71 65 
IOP 2S Me ABIF 2. oc ce sascvvsee 16 17 12 4 19 

DG cote cstectinGe eiinnsiddnsskOe 
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dilute sun-red plants. Of these plants 561 had the parental combinations 
and 551 had the recombinations of the factor pairs involved. This is a 
deviation of 5.0 + 11.2 from equality that obtains when the factor pairs 
are inherited independently. These results are given in table 18. 


Tests involving T, and S, with the A a factor pair 


The factor pair for anthocyanin pigment, A a, is concerned in the pro- 
duction of color in the leaves and stem of the corn plant, and also in the 
production of color in the aleurone grains of its seeds, as shown by EMERSON 
(1918, 1921). Emerson and ANDERSON have tested this factor pair with 
the other groups of linked factors and it seems to be independent of them. 


Factors T, and A 


A sun-red plant of the genetic constitution T,, t, A A was crossed with 
a brown plant which had the constitution #, ¢, @ a (EMERSON 1921). The 
F, plants were all purple as expected. One of these purple plants, hetero- 
zygous for tunicate ear and the anthocyanin factor, was back-crossed with 
a brown non-tunicate plant. In the progeny there were 35 tunicate plants 
and 39 non-tunicate plants. Eighteen of the tunicate plants were purple 
and 17 were brown, and of the non-tunicate plants 23 were purple and 16 
brown. The numbers are small but they suggest the 1:1 ratio expected 
for factors that are inherited independently. 


Factors S, and A 


A plant heterozygous for both sugary endosperm and the A a plant- 
and aleurone-color factor pair was back-crossed by EMERSON to a plant 
recessive for these factors. The resulting ear contained 149 starchy and 
165 sugary seeds. Of the starchy seeds 79 were colored, that is, they 
carried the A factor, and 70 lacked this factor but carried its allelomorph, 
a, and were colorless. In like manner 87 of the sugary seeds were colored 
and 78 were colorless. There are just as many seeds with the parental 
combinations of the factors as there are with the factors in the new combina- 
tions. It is quite probable that these factors are inherited independently. 
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LINKAGE TESTS BETWEEN THE 7,,-S, LINKAGE GROUP AND FACTORS WHOSE 
LINKAGE RELATIONS ARE NOT YET DEFINITELY ESTABLISHED 


Tests involving T,, and S, with anther ear, An an 
Factors 7, and A, 


Several plants heterozygous for tunicate ear and anther ear were back- 
crossed to non-tunicate anther-ear plants. The progeniés of these back- 
crosses are given in table 19. Of the 464 platits grown, 217 had the parental 


TABLE 19 
Progeny from the back-cross Ty tu An Gn X ty tu Qn Gn. 











PEDIGREE NUMBERS AnTu An tu an Tu Gn ty 

GU 6k FENN sas anecsocetsabauwen 61 92 70 77 
RE ae eee Tee 43 48 29 27 
SR Cee eT Re OP Oe ee 5 4 4 4 
SE. sack ¥ dirk tls eee tn eens ce 109 144 103 108 

















combinations of the factors, while 247 resulted from the recombinations 
of the factors. This is a deviation from equality of 15.0 + 7.3 plants and 
makes it appear that these factor pairs are inherited independently. 


Tests involving T, and S,, with blotched leaf, B; by 
Factors Su and B, 


Two plants heterozygous for starchy-sugary endosperm and blotched 
leaf were back-crossed with plants homozygous for sugary endosperm and 
blotched leaf. As may be seen in table 20 there were 161 plants with the 


TABLE 20 
Progeny from the back-cross Su Su Bi bt X Su Su bt bp. 





Su By | su by 











PEDIGREE NUMBERS Su Bi Su by 
Ee Pe ES 6 6 oc ck cd vevecss 19 10 5 5 
BGGSS—7 HK BGGGERS.. oo cc cccccccwcss 82 75 71 55 
PE Sie ttenten tix adayas nes 101 85 76 60 





parental combinations and the same number of plants with the factors 
concerned in the new combinations. These data indicate that these factors 
are inherited independently. No tests were made involving tunicate ear 
and blotched leaf. 
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Tests involving T, and S, with crinkly leaf, C, c, 
Factors T, and C, 


A number of plants heterozygous for tunicate ear and crinkly leaf were 
back-crossed to non-tunicate plants with crinkly leaves. The progenies 
of these back-crosses are given in table 21 where it will be seen that more 
plants were noted as non-crinkly than as crinkly. This is doubtless due 
to the fact that often the crinkly character is not very distinct and conse- 











TABLE 21 
Progeny from the back-cross Ty tu Cr Cr X tu tu Cr Cr- 
PEDIGREE NUMBERS CTs Crts tr Tu Cr ty 
eas bik Puce Ge Bhs ied bo NGweiges 3 82 63 68 
WOneiew sviocivie ce sassinsedeciessccp eas] 45 38 20 11 
is aah tense oa Wepcaaigk<is mais 138 120 83 79 








quently some crinkly plants are classed as normal plants. Of the plants 
classed as normal, 138 were tunicate and 120 non-tunicate. Of those 
classed as crinkly 83 were tunicate and 79 non-tunicate. In each case the 
numbers approach a 1:1 ratio. Of the total progeny 217 were noted as 
having the parental combinations of the factors and 203 as the result of 
the recombinations of factors. The deviation from equality, which obtains 
or is approached when factors are independent, is 7.0 + 6.9 and is con- 
sidered a good fit. 


Factors S, and C, 


Tests were also made between sugary endosperm and crinkly leaves by 
EMERSON and the writer. Plants heterozygous for both of these factors 
were back-crossed with crinkly plants grown from sugary seeds. The 
progenies of these back-crosses are given in table 22. Fewer plants were 
classed as crinkly than as normal. Of the 392 plants grown from starchy 


TABLE 22 
Progeny from the back-cross Sy Su Cr Cr X Su Su Cr Cre 























PEDIGREE NUMBERS Su Cr Su Cr Su Cr Su Cr 
ME se SAS cReneteb es Me oc eccees 50 40 33 25 
PMc vuln Cent 66 Cana hieve:setened 64 60 64 34 
Se ey eer 96 82 91 66 
Rs wining take «an ta been wesc ee < | 210 182 188 125 
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seeds 210 were noted as normal and 182 as crinkly. The sugary seeds 
produced 313 plants of which 188 were noted as normal and 125 as crinkly. 
The total progeny consisted of 705 plants and 335 of them had the parental 
combination of factors while 370 were noted as having the factors in the 
new combinations. This is a deviation from equality of 17.5 + 9.0 and 
may be considered a good fit. In these tests the data indicate that the 
factor pair for crinkly leaf does not belong to the 7,-S, linkage group. 


Tests involving T, and S, with dwarf plant, D d 
Factors T, and D 


A number of back-crosses involving tunicate ear and the plant character 
called dwarf, D d, gave the progenies listed in table 23. Of the 485 plants 
TABLE 23 
Progeny from the back-cross Ty tu Dd X tutu dd. 

l 


























PEDIGREE NUMBERS DTx D tu dTy d ty 

MNS 55 chaens Horace mncude ean eneal 6 10 14 9 
EERSTE eer er 4 | 2 1 1 
Was dah dete CES vances 6 | 6 2 2 
PRs ns cum hckok <tias wk cacemuent 6 8 6 1 
MOR pois nite od Slice. aeeoah wes 63 53 34 24 
RR re ee eer ee 14 18 10 11 
oe reer era 26 21 11 7 
; SRR IR Sette teen renee ees! 13 15 7 7 
ee see ce ee eeee eee! 17 10 2 8 
BR bs bussiness vada Nekennewe’ 6 10 y 2 
LSA een ont WE a) eS eS 





in these progenies 314 were normal and 171 were dwarf. This very wide 
deviation from a 1:1 ratio is due to the failure of many dwarf plants to 
grow to maturity under field conditions. Only under the most favorable 
conditions is it possible to grow all of the dwarf plants to maturity. The 
nermal plants were tunicate and non-tunicate in approximately equal 
numbers, there being 161 of the former and 153 of the latter. Of the dwarf 
plants 89 were tunicate and 72 non-tunicate. This is a rather wide devia- 
tion from a 1:1 ratio but the numbers are small. There were 233 plants 
with the parental combinations and 242 with the recombinations of these 
factor pairs. This is a deviation of only 4.5 + 7.3 from a 1:1 ratio, and 
indicates that the factor pairs for tunicate ear and dwarf plant are not 
linked. 
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Tests were also made involving sugary endosperm and dwarf plant 
but these data are not available at present. The data indicate, however, 
that sugary endosperm and dwarf plant are inherited independently. 


Tests involving T, and S,, with fine striping, F f 
Factors T, and F 


Back-crosses involving tunicate ear and the chlorophyll pattern called 
fine striping gave the progenies listed in table 24. There was a total of 


TABLE 24 
Progeny from the back-cross Ty tu F f X tu tu f f. 














PEDIGREE NUMBERS | F Ty | F ty STu f ty 
| 

OD. shicscpa a Vedi Mise ds aps 2 «=| 34 33 17 
PL its Seewatenewsawe eens | 24 | 33 24 19 
[TERE ee er ree .| 61 48 53 35 
Me A ieee c acct a 64 | 41 55 65 
(ee iene ee 34 20 23 21 
NS Deis wearers oS tadhelss Ade Sod 4% Sibi 212 176 188 157 











369 plants with the parental combinations and 364 with the recombinations 
of these factor pairs. This is a deviation of only 2.5 + 9.1 from the equality 
expected when the factors tested are not linked. 

No tests were made involving sugary endosperm with fine striping. 


Tests involving T., and S,, with floury endosperm, Fifi 
Factors T, and F, 


A number of back-crosses involving tunicate ear and floury endosperm 
gave the results shown in table 25. Both horny and floury seeds were 


TABLE 25 
Progeny from the back-cross Ty ty Fift X% tu tuts fr 




















PEDIGREE NUMBERS | Fi Ty Fity fiTs ‘tly 

CS Ee Bo ee ere 20 21 3 9 
See ae 24 18 20 
IN saren Hikys iewecatecncas i] 12 22 21 26 
MEN ccs Gok he tr datnkG x Gon sk es 59 67 42 $5 





produced on tunicate and non-tunicate plants in approximately equal 
numbers. The two classes having the parental combinations of these 
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factor pairs include 111 plants and the classes with the factor recombina- 
tions have a total of 109 plants. Thisis a deviation of only 1.0 + 5.0 from 
a 1:1 ratio and indicates that these factor pairs are inherited independently. 

No tests were made involving sugary endosperm with floury endosperm. 


Tests involving T, and S,, with japonica striping, J j 
Factors T, and J 


x 


A number of plants heterozygous for tunicate ear and the japonica 
chlorophyll pattern (Linpstrom 1918) were back-crossed with non-tunicate, 
japonica-striped plants. The progenies from these back-crosses are given 
in table 26. Of the total 341 plants were classed as green and 234 as 
japonica-striped. This deficiency in japonica plants is doubtless due to 
the fact that in some plants the japonica character is so much reduced that 
it is represented by a mere line or splash and such plants are easily over- 
looked, and classed as green. It is possible that in taking these data some 
of the plants were inconspicuously striped and were noted as green. Both 
green and japonica plants show a good 1:1 ratio of tunicate and non- 
tunicate plants. Of the total progenies 293 plants had the parental com- 
binations of the factor pairs and 282 resulted from factor recombinations. 
This is a deviation of 5.5 + 8.1 from equality and indicates that tunicate 
ear and japonica striping are inherited independently. 

Tests involving sugary endosperm and japonica striping were not made. 


Tests involving T,, and S,, with purple aleurone, P, p, 
Factors T, and P, 


Two plants heterozygous for tunicate ear and purple aleurone were 
back-crossed with non-tunicate plants with homozygous red aleurone. 
Ears were produced with purple and red seeds in approximately equal 
numbers. From the purple seeds were grown 72 tunicate and 70 non- 
tunicate plants and from the red seeds 80 tunicate and 70 non-tunicate 
plants were produced, a good 1:1 ratio in each case. Of the total progenies 
142 had the parental combination of factors and 150 the factors in recom- 
binations. This is a deviation of 4.0 + 5.8 from equality and indicates 
factor independence. 


Factors S; and P, 


A single plant heterozygous for sugary endosperm and the purple aleurone 
factor was back-crossed by Dr. Emerson to a homozygous sugary plant 
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with red aleurone. There were produced 166 purple starchy and 188 red 
starchy seeds and 89 purple sugary and 88 red sugary seeds. Both the 
starchy and sugary seeds were purple and red in approximately equal 











TABLE 26 
Progeny from the back-cross Ty tu J 7 X tu tuj j. 

PEDIGREE NUMBERS | JTx J ty ITs itu 
Fi DEE 15 24 8 11 
_ SRE ae eee Mee 14 10 9 
414... eee eee tence ee eee 11 14 6 3 
41S... eee ee ee ee ee eee eee eee eee] 32 31 27 33 
RN ii avteta clsrola wera Putas! Seis ios Sores al 15 15 6 12 
DG Sake cmacsoveshvs ures oescnes 55 52 40 39 
418.00... eee cece eee ee eens eee ens! 10 12 4 15 
aks rani RO ARIS LRU RTE EA SD ce Ol 8 5 2 2 
I svestesaresdersiicehacion cores) 9 6 6 1 

IN ce nc Dak iastiernscunass | 168 173 109 125 














numbers. Of the 501 seeds produced, 247 had the parental combinations 
and 254 the new combinations of these factor pairs. This is a deviation 
of only 3.5 + 7.5 from the equality expected for factors that are inherited 
independently. 


Tests involving T,, and S, with ramosa ear, Ra fa 
Factors T, and R, 


Several plants heterozygous for tunicate ear and ramosa ear were back- 
crossed to non-tunicate ramosa plants. The progenies from these back- 











TABLE 27 
Progeny from the back-cross Ty tu Ra ta X tu tu Ta Tax 

PEDIGREE NUMBERS Ra Tu | Ra tu | ta Tu Ta tu 

< See eee Tee eee 73 95 93 72 
WE b x wiiaktuens vdswie ceases dances 10 9 7 13 
no a 20 25 16 10 
ERE ee hk ne ee eee et ee 26 22 33 39 
A | 151 149 134 








crosses are given in table 27. There were produced 280 normal and 283 
ramosa plants. Of the normal plants 129 were tunicate and 151 non- 
tunicate, and of the ramosa plants 149 were tunicate and 134 non-tunicate. 
Plants in which both the tunicate and ramosa characters are involved have 
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a much-branched, succulent and wholly sterile ear. This type of sterile 
ear has been referred to by Cottins (1917) as the “cauliflower” type of 
inflorescence. From table 27 it may be seen that 263 plants had the pa- 
rental combinations and 300 plants had the new combinations of these 
factor pairs. This is a deviation of 18.5 + 8.0 from equality. A deviation 
as large as this would be expected about once in every eight trials, due to 
the errors of random sampling. 


Factors S, and R, 


A number of back-crosses involving sugary endosperm and ramosa 
plant were made by Emerson with the results shown in table 28. Starchy 











TABLE 28 
Progeny from the back-cross Su Su Ra ta % Su Su Va Vc 
PEDIGREE NUMBERS Su Pe Su fe | Su Ra | u la 
E8024-6 X E8035-16...............| 72 65 | 42 | 47 
E8014—-1 X E8035-14...............] 57 73 51 
E8024-1 X E8035-20...............| 83 73 | 53 | 51 
E8014-8 X E8035-14..............5] 61 | 62 60 | 60 





enh, ae EE one. 273 273 199 209 





and sugary seeds were produced in approximately equal numbers. The 
starchy seeds produced normal and ramosa plants in equal numbers, there 
being 273 of each. From the sugary seeds were grown 199 normal and 
209 ramosa plants, a close approximation to a 1:1 ratio. There were in 
the total progenies 482 plants with the factorial constitution of the parents 
and 472 plants with these factors in new combinations. This is a devia- 
tion of 5.0 + 10.4 from the equality expected for factors that are not linked. 

These data indicate that the factor pair for ramosa ear does not belong 
to the 7,-S, linkage group. 


Tests involving T, and S,, with green striping, Gs gs 
Factors JT, and Gs 


A number of plants heterozygous for tunicate ear and the chlorophyll 
pattern called green striping were back-crossed to non-tunicate green- 
striped plants. Relatively large plantings from these back-crossed ears 
were made in 1918 but because of a number of unfavorable conditions, 
including an unusually early killing frost, it was not possible to note the 
green-striped plants for the tunicate character. The green plants were 
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noted for the tunicate character with the results given in table 29. There 
were 197 green plants and 201 that were green striped, a good 1:1 ratio. 
Of the green plants 104 were tunicate and 93 non-tunicate. This is a 
deviation of 5.5 + 4.7 from equality and indicates that the factors are 
independent. 

Tests involving sugary endosperm with the green-striping chlorophyll 
pattern have not yet been made. 


TABLE 29 
Progeny from the back-cross Ty tu Gs 8a X tu tu Se Se 


























PEDIGREE NUMBERS Gs Tu Gs tu | &s Tut &s tu 
SR ioc wn Wee B iets cate ere wh hae Stas a6 58 7 11 18 
ee ee rere ees reer eee 18 10 25 
BE i hae Se Ceci ta aerate Gack 0 0b. 48 47 101 
__ EE OR ST So eee 7 3 5 
ee err ee ee ery 24 22 52 
cn CRE EE ea eee 104 93 201 





Tests involving T,, and S,, with virescent-white seedling, V v 
Factors T, and V 


A plant heterozygous for virescent-white seedling and recessive for the 
tunicate character was crossed with a heterozygous tunicate plant that 
was homozygous dominant for the virescent-white seedling factor pair. 
This cross may be represented factorially as tut, Vv X TutuV V. Tunicate 
and non-tunicate plants in approximately equal numbers were produced. 
Half of the tunicate as well as half of the non-tunicate plants should be 
heterozygous for virescent-white seedling. A number of the tunicate 
plants of this progeny were self-pollinated. A few seeds from each self- 
pollinated ear were planted in the greenhouse to determine which of the 
parent plants were heterozygous for virescent-white seedling. The hetero- 
zygous plants were expected to produce green and virescent-white seedlings 
in a 3:1 ratio. The seedlings from plant 130-7 were found to segregate in 
this manner. A field-planting from this ear produced 65 green plants and 
it was found that 46 were tunicate and 19 non-tunicate. These numbers 
are relatively small but suggest a 3:1 ratio which one would expect if the 
factor pairs are inherited independently. Theoretically there should have 
been produced 9 tunicate green: 3 non-tunicate green: 3 tunicate virescent- 
white: 1 non-tunicate virescent-white plants. Plants homozygous for 
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virescent-white seedling usually die shortly after germination and only 
plants of the constitution V v and V V grow to maturity. Of the green 
plants that grew to maturity there were expected 3 tunicate: 1 non-tunicate 
plants in case the factor pair for tunicate ear a:iC virescent-white seedling 
are independent. The observed numbers approacn these expected numbers. 

No tests involving sugary endosperm and virescent-white seedling have 
yet been made. 

Tests involving T, and S, with white seedling, W w 
Factors T, and W 


A plant heterozygous for tunicate ear and white seedling was self-pol- 
linated and produced in the F, generation 258 mature green plants. Of 
these 181 were tunicate and 77 non-tunicate. Plants recessive for the 
white-seedling factor die in the seedling stage and only plants of the con- 
stitution W w and W W grow to maturity. The green plants which sur- 
vived and matured were expected to be tunicate and non-tunicate in a 
3:1 ratio in case the factor pairs are independent. Although the numbers 
are small they approach this ratio closely enough, deviation 12.5 + 4.7, 
to suggest that the factors for tunicate ear and white seedling are not linked. 

Tests involving sugary endosperm with white seedling were not made. 


Tests involving T, and S, with yellow endosperm, Y y 
Factors T, and Y 


A back-cross involving tunicate ear and yellow endosperm color gave 
progenies as shown in table 30. These back-crossed ears contained yellow 














TABLE 30 
Progeny from the back-cross Ty tu VY y X tu tu ¥. 
PEDIGREE NUMBERS Y Tu Y ty yTu vty 
nn EE ODE EEC Ce 23 29 20 25 
ne eee ee 6 14 10 9 
ee Serer Tee ee 29 | 43 30 34 





and white seeds in approximately equal numbers. The yellow seeds pro- 
duced 29 tunicate and 43 non-tunicate plants. The white seeds produced 
30 tunicate and 34 non-tunicate plants. The numbers are very small but 
suggest a 1:1 ratio. Of the total number of plants 63 had the parental 
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and 73 the new combinations of the factors involved. This is a deviation 
of 5.0 + 3.9 from the 1:1 ratio expected for independent inheritance. 

It was not determined which of the factors for yellow endosperm is here 
concerned, 

No back-cross tests were made involving sugary endosperm with yellow 
endosperm but F; progenies grown by EMERSON gave no indication of 
linkage. 


Tests involving T,, and S, with pale-yellow endosperm 
Factors 7, and pale-yellow endosperm 


A back-cross involving tunicate ear and pale-yellow endosperm color 
gave a total of 205 plants, 109 having grown from pale-yellow seeds and 96 
from white seeds. Both pale-yellow and white seeds produced tunicate 
and non-tunicate plants in approximately equal numbers. The yellow 
seeds produced 53 tunicate and 56 non-tunicate plants, while the white 
seeds produced 50 tunicate and 46 non-tunicate plants. Apparently these 
factors are inherited independently. 

No tests involving sugary endosperm with pale-yellow endosperm color 
were made. 


SUMMARY 


The data from this study substantiate the conclusion of previous investi- 
gators that ordinary tunicate plants represent a case of imperfect domi- 
nance. The homozygous tunicate plants are practically sterile. 

The factor pairs for tunicate ear and sugary endosperm tend to be 
inherited together, with a recombination of the factors occurring in about 
30 percent of the cases. This may be explained by assuming that these 
factors are located in the same chromosome and that the recombinations 
are the result of crossing over. 

A statistical study of the data on the linkage between the factor pairs 
for tunicate ear and sugary endosperm, and between waxy endosperm and 
the C aleurone factor, indicate that crossing over in corn occurs more 
frequently in microsporogenesis than in megasporogenesis. It has also 
been found by other investigators that in Primula sinensis crossing over 
apparently occurs more frequently in microsporogenesis. 

A summary of the linkage tests involving the factor pairs for tunicate 
ear and sugary endosperm with the other groups of linked factors is given 
in table 31. In every test except one the deviation from a 1:1 ratio between 
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TABLE 31 
Summary of the linkage tests between the T,,-S,, group and other linkage groups. 






































LINKAGE GRours =| wvowven | BINATIONS | TIONS | 1:1 RATIO acre 
(| CT. 452 450 1.0+10.0 0.1 
|| C-S. | 2212 | 2190 11.0+22.4 0.5 
C-We-Si-l... 2... {| We-Ty | ia 10 1.0+1.4 0.7 
| SeTo | . 10 1.0+1.4 0.7 
| rs | 340 | 310 15.028.6 1.8 
| 
i of | = | 8.5+8.6 1.0 
GOA. ccd. Be 4 322s 317 2.5+8.5 0.3 
| RS, | 1508 | 1470 19.0+18.4 1.0 
( B-T, | 692 713 10.5+12.6 0.8 
B-L-T J} B+Sy | 470 504 17.0+10.4 1.6 
jielbebeae, we. > 839 853 7.0+13.9 0.5 
| LS 1062 | 1028 17.0+15.4 1.1 
| 
P-r (| P-S. 350 356 3.0+9.0 0.3 
= os | P-T, 276 336 30.0+8.3 | 3.6 
V-P (| PrTy 172 81 4.56.2 0.7 
Been sas Oren \| PrSu 561 551 5.0+11.2 0.4 
‘ | A-Tw 34 40 3.0+2.9 1.0 
spiel wi iS, | 157 157 0.0+6.0 0.0 
TABLE 32 
Summary of the tests between the T.-S, group and other factors. 
AgTy.. 217 247 15.0+7.3 2.0 
BrS. 161 161 0.0+6.0 0.0 
CHT. 217 203 7.0+6.9 1.0 
C-Su 335 370 17.5+9.0 2.0 
D-T,. 233 242 4.5+7.3 0.6 
F-T,.. 369 364 2.5+9.1 0.3 
Fr-T. 111 109 1.0+5.0 0.2 
J-Ty.. 293 282 5.5+8.1 0.7 
P,-Ty.. 142 150 4.0+5.8 0.7 
P,-Sy 247 254 3.5+7.5 0.5 
R.-Ty.. 263 300 18.5+8.0 2.3 
Ri-Su.. 482 472 5.0+10.4 0.5 
ine Aer ndd Saree Os be atc 104 93 5.5+8.1 0.7 
REED Oar eee 63 73 5.0+3.9 1.3 
T.—Pale-yellow endosperm ...... 99 106 3.5+4.8 c.7 
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the parental combinations and new combinations is less than twice the 
probable error. This indicates that the 7.-S, group is independent of the 
other groups that have as yet been established. In the test between T, 
and P the deviation is nearly four times the probable error but this wide 
deviation is doubtless due to the extremely unsatisfactory material from 
which these data were taken, as has already been mentioned. 

Linkage tests have also been made between the T,-S, group and other 
mutant factors whose linkage relations are not yet definitely established. 
A summary of these tests is given in table 32. The data give no evidence 
that any of these factors belong to the 7,-S, linkage group. Unfortunately 
some of these tests were made with only one member of the T,-S, group. 
Such tests are not conclusive as factors located in the same chromosome 
may be far enough apart so that crossing over occurs in approximately 
50 percent of the cases. This would give the same results as if the factors 
were in different chromosomes and assorted independently. 


LITERATURE CITED 


ALTENBURG, EpcGar, 1916 Linkage in Primula sinensis. Genetics 1: 354-366. 
BREGGER, T. J., 1918 Linkage in maize: the C aleurone factor and waxy endosperm. Amer. 
Nat. 52:57-61. 
Cotiins, G. N., 1917 Hybrids of Zea ramosa and Zea tunicata. Jour. Agric. Res. 9: 383-395. 
Pls. 13-21. 
Cot.ins, G. N., AND Kempton, J. H., 1912 Gametic coupling as a cause of correlations. Amer. 
Nat. 46: 569-590. 
1913 Inheritance of waxy endosperm in hybrids with sweet corn. U. S. Dept. Agric. 
Bur. Plant Ind. Circ. 120. pp. 21-27. 
Correns, C., 1901 Bastarde zwischen Maisrassen mit besonderer Beriicksichtigung der Xenien. 
Bibliotheca Botanica 53: 1-161. 
East, E. M., anp Hayes, H. K., 1911 Inheritance in maize. Connecticut Agric. Exp. Sta. 
Bull. 167. pp. 1-142. 
1915 Further experiments on inheritance in maize. Connecticut Agric. Exp. Sta. Bull. 
188. pp. 1-31. 
Emerson, R. A., 1912 The inheritance of the ligule and auricles of corn leaves. Ann. Rep. 
Agric. Exp. Sta. Univ. Nebraska 25: 81-88. 
1918 A fifth pair of factors, A a, for aleurone color in maize and its relation to the C ¢ 
and Rr pairs. Cornell Univ. Mem. 16: 231-289. 
1920 Pistillate-flowered maize plants. Jour. Heredity 11: 65-76. Figs. 9-16. 
1921 The genetic relations of general plant color in maize. In manuscript. 
GERNERT, W. B., 1912 A new subspecies of Zea Mays, L. Amer. Nat. 46: 616-622. 
Gowen, J. W., 1919 A biometrical study of crossing over. On the mechanism of crossing 
over in the third chromosome of Drosophila melanogaster. Genetics 4: 205-250. 
Hutcuison, C. B., 1921 Heritable characters in maize: shrunken endosperm. Jour. 
Heredity 12: (In press). 
Jones, D. F., anp GaALLastecut, C. A., 1919 Some factor relations in maize with reference 
to linkage. Amer. Nat. 53: 239-246. 


Genetics 6: My 1921 








240 W. H. EYSTER 


Kempton, J. H., 1919 Inheritance of waxy endosperm in maize. U. S. Dept. Agric. Bull. 
754. pp. 1-99. 

Linpstrom, E. W., 1917 Linkage in maize: Aleurone and chlorophyll factors. Amer. Nat. 

51: 225-237. 
1918 Chlorophyll inheritance in maize. Cornell Univ. Mem. 13: 1-68. 

Morean, T. H., 1919 The physical basis of heredity. 305 pp. Philadelphia: J. B. Lippin- 
cott Co. 

PEARL, R., AND MINER, J. R., 1914 A table for estimating the probable error significance of 
statistical constants. Maine Agric. Exp. Sta. Bull. 226. pp. 85-88. 

















THE GLOBE MUTANT IN THE JIMSON WEED (DATURA 
STRAMONIUM) 


ALBERT F. BLAKESLEE 


Station for Experimental Evolution, Carnegie Institution of Washington, Cold Spring Harbor, 
New York 


Received December 27, 1920 


TABLE OF CONTENTS 


MDM, xi cid 43.5.0! 0eic; 6a sons bs 360d acetldbasnb do kManetie seas ees 241 
NAMIE AE NINN 5 5 5.555 615 <0 sien o vw s So nieey be ENC aCe ea Cia NnS Shap Eee e aed eee 
IGN INE CINE 6 4. wos co 6.0 4:0'09 40520 Sah ease eldbe es bu ew Guaiclelet eeu eS ae 
NI SCS cog caw 4's 0 4: sim ble (9. alas dla Mra Sale iar eet p Spite koe ae 
EOL ey Cee TAMORNODR, ... «5. 0s. 5.2. sis 5 owe bo.sns kanune nes asws dane ueeueee ne ee 
NII ahi a 8G U6 elds <. Bre. ox bs 5.0 6 a1 Schon ab Eee te IER RS wae Rite me 256 
I UN MIN oaks pv din 0s cn'via'ua aaeeine sab agaganieh bates sie eeguren sek eee 262 
I ain Sac nd Gag enki s's we Saisie 0% aie n ws wEAERinw Reema E SD ae ae Ke eee ee 263 


INTRODUCTION 


The ‘‘Globe”’ was the first mutant discovered in the Jimson Weed, per- 
haps because of the ease with which it can be distinguished from normal] 
plants of this species. Its depressed-globose capsules thickly set with 
stout spines suggest chestnut burs in appearance. The closely thatched 
arrangement of its broad leaves in the adult plant as well as the broad 
entire leaves of its seedlings renders the Globe one of the easiest mutants 
in the Jimsons to recognize at any stage of development. It is the only 
one in fact that we have been able to readily pick out in the seed pan. 
Since usually it has not been necessary to grow plants beyond an early 
seedling stage when it is desired to distinguish Globes from normals, it 
has been possible with this mutant to base conclusions on a larger number 
of individuals than could readily have been obtained if we had been dealing 
with the other mutant forms. 

All the Globes and other Datura mutants of like type are essentially 
similar in the manner of transmitting their mutant characters. The 
inheritance is primarily through the female and but slightly or not at all 
through the male. They all fail to breed true and throw, when selfed, 
about three normals to one of the parental mutant type. The pollen does 
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not transmit the mutant character or transmits it only to a small per- 
centage of the offspring. The Globe and several other mutants of Datura 
have already been briefly described and figured (BLAKESLEE and AVERY 
1919) and the relation outlined between their chromosomal, constitution 
and their genetic behavior (BLAKESLEE, BELLING and FARNHAM 1920). 
It will be sufficient for the present purpose to state that each of the dozen 
mutants of the Globe type have undergone a duplication of chromosomes 
in an individual chromosomal set, so that these mutants produce dimorphic 
gametes with 12 and 13 chromosomes instead of gametes with uniformly 
12 chromosomes characteristic of normals. They are called simple tri- 
somic mutants since in any somatic cell one of the 12 sets is a trisome 
with 3 homologous chromosomes instead of all the sets being disomes with 
2 chromosomes each. The chromosomal condition in these forms has 
been determined by my colleague, Mr. JoHN BELLING, from studies of 
mitotic figures in the pollen mother cells. The data in the present paper 
were secured in the main before the chromosomal irregularities in Datura 
were discovered and will serve as a basis for later discussions of the signifi- 
cance of the chromosomal difference between mutants and normals. 


DESCRIPTION OF GLOBES 


Photographs of a capsule and of habits of Globe plants have been already 
given in an earlier publication (BLAKESLEE and Avery 1919). In figure 1 
is shown a 12-inch seed pan with the seedling offspring from a Globe selfed. 
The culture had been thinned out once by removal of the larger normal 
seedlings. Of those that remain the Globes can be readily distinguished 
by their shorter, broader leaves. Often they can be identified at or before 
the appearance of the ‘second leaf. 

The difference in width of early leaves is susceptible of mathematical 
expression in the ratio of length to width. The second leaf is most con- 
venient for measurement and has been used as the basis of the tabulations 
in table 1 A. A considerable number of pedigrees containing both Globes 
and normals were grown in pots in the greenhouse in the winter of 1916-17. 
Of the plants measured in any pedigree, an equal number of Globes and 
normals are represented in the table, chosen according to the numerical 
order on the pot labels. In the second part of the table are given the 
measurements for both the leaves of plants in which the first two leaves 
were approximately equal and borne opposite each other at the same node. 
From the averages of the table it will be observed that the leaves of Globes 
are actually only slightly wider than comparable normals though distinctly 
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shorter. Relatively, however, the leaves of Globe plants are decidedly 
broader than those of normals from the same pedigree. When the first 
two leaves are borne opposite at the same node they both average narrower 
than does the second leaf when the first two leaves are at separate nodes. 





1724-9 Aes 


Ficure 1.—Globe and normal seedlings in 12-inch seed-pan. Two of the Globes are labeled 
with a letter g. An earlier thinning had removed a large proportion of normals. 


Among such plants, however, the Globes still have broader leaves than the 
comparable normals. While occasionally a Globe from one pedigree 
shows a narrower leaf than that of a normal in another pedigree, there is 
no overlapping of the ratios in any single pedigree in either section of the 
table. Globe seedlings, however, are not picked out from normals in a 
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TABLE 1 


A. Length and width and ratio length to width of second seedling leaves of Globes and normals, 
ray sat lana nate he 

















GLOBES NORMALS 

Plant number Length Width L+W Plant number | Length Width L+W 
16460(1 56 41 1.37 16460(2) so | 43 | 1.86 
16533(2) 20 12 1.67 16533(6) 70 32 2.18 
(3) 46 30 1.53 (7) 67 |. 30 2.23 

(4) Ss. | 33 1.61 8 65 28 2.32 
16534(2) | 47 28 1.68 16534(6) | 78 39 2.00 
(3) 46 | 27 1:70 (7) | 7 34 2.12 

(4) | 55 | 37 | 1.49 (8) 61 28 2.18 
16539(1) 52 34 1.53 16539(6) | 68 24 2.83 
16540(2) | 53 | 36 1.47 16540(8) 78 38 2.05 
16549(2) | 54 | 32 1.69 16549(3) | 77 37 2.08 
16550(1) | 89 58 1.38 16550(6) | 89 | 37 2.41 
(2) 67 | 38 1.76 (7) | 74 | 38 2.11 

(3) 70 | 46 | 1.52 (8) | 78 30 2.60 
16551(1) 71 41 1.73 16551(2) | 75 | 38 1.97 
16686(1) | 58 35 1.66 16686(6) 81 | 42 1.93 
(2) | 62 42 1.48 (7) 80 40 2.00 

(4) 59 35 1.69 (8) 68 | 34 2.00 
16688(1) 66 | 37 1.78 |  16688(7) 53 | 22 2.41 
(2) oS i 1.56 (8) | 57 | 26 2.19 

(3) 55 | 33 1.67 (9) 72 | 31 | %:30 

(4) ae 1.63 (10) | or | 3a | 2.16 

(5) | 66 | 38 1.74 (11) | 79 | 390 2.03 
16762(1) 56 43 1.30 16762(4) | 83 | 40 2.08 
(2) | 68 40 1.70 (5) 78 35 2.23 
16763(1) | 35 32 1.09 | 16763(12) 79 41 1.93 
@) { #2 38 1.66 (14) 76 34 2.24 
16766(1) | 72 46 1.57 16766(2) 67 33 2.03 
16767(1) | 72 52 | 1.38 16767 (6) 65 | 28 2.32 
(2) | 58 36 1.61 (7) 89 | 40 | 2.23 

(3) | 50 36 1.64 (8) 80 42 1.90 
16768(1) | 68 40 1.70 | 16768(7) 77 31 2.48 
(2) 65 38 | 1.71 (8) 80 38 2.11 

(3) 65 | 38 1.71 (9) 60 30 2.00 
16770(2) 60 | 38 | 1.58 16770(11) 58 29 | 2.00 
(3) 65 41 1.59 (12) 83 38 2.18 

(4) 54 | 39 1.38 (13) 82 38 | 2.16 
16771(2) 67 | 45 1.49 16771(6) 91 | 47 | 1.94 
(3) 67 44 1.52 (7) 83 39 | 2.13 

(4) 64 38 1.68 (8) 64 28 | 2.29 
16773(2) 68 46 | 1.48 16773(5) 85 44 1.93 
(3) | 75 52 | 1.44 (6) 74 38 1.95 

1.5 (7) 2 


(4) | 68 43 | 
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TABLE 1 (continued) 
GLOBES | NORMALS 

Plant number | Length | Width | L+W | Plant number | Length | Width L+W 
16774(5) 66 43 1.53 | 16774(11) 57 25 2.28 
(6) 68 47 1.45 | (12) 89 42 2:12 
16775(8) 77 60 1.28 || 16775(11) 78 44 147 
(9) 64 44 1.45 | (12) 65 32 2.03 

(10) 66 44 1.50 (13) 83 40 2.08 
16776(1) 68 | 44 1.55 || 167769) 74 | 36 2.06 
(2) 64 44 1.45 | (10) 85 46 1.85 

(3) 65 45 SS (11) 92 48 1.92 
16777(1) 62 48 1.29 16777(6) 80 40 2.00 
(2) 58 37 1.57 (7) 64 33 1.94 

(3) 62 43 1.44 (8) 81 45 1.80 
16778(1) 57 31 1.84 16778(3) 82 35 2.34 
16779(1) 66 35 1.89 16779(3) 63 30 2.10 
(2) 70 49 1.43 (4) 74 29 2.55 
16780(1) 60 44 1.36 || 16780(6) 84 45 1.87 
(2) 44 36 1.22 (7) 71 38 1.87 

(3) 65 46 1.41 (8) 86 38 2.26 
16781(1) 63 43 1.47 |  16781(8) 85 38 2.24 
(2) 66 46 1.43 || (9) 84 42 2.00 

(3) 53 33 1.61 (10) 96 43 2.23 
16782(1) 60 47 1.28 |  16782(6) 84 43 1.95 
(2) 69 50 1.38 | (7) 82 37 2.22 
16784(1) 69 50 1.38 16784(6) 98 52 1.88 
(3) 67 48 1.40 (7) 94 41 2.29 
16786(3) 68 44 1.55 16786(5) 83 44 1.89 
16787(3) 64 42 1.52 16787(6) 75 42 1.79 
(4) 61 39 1.56 (7) 81 39 2.08 

(5) 56 36 1.56 (8) 83 44 1.89 
16788(1) 69 42 1.64 16788(4) 86 40 2.15 
16789(2) 74 54 1.37 16789(8) 98 53 1.85 
(3) 73 53 1.38 (9) 86 41 2.10 

(4) 67 48 1.40 (10) 86 43 2.00 
16790(1) 47 42 1.12 16790(5) 88 40 2.20 
(2) 67 48 1.40 (6) 85 45 1.89 

(3) 69 47 1.47 (7) 85 48 1.77 
16791(2) 68 47 1.45 16791(8) 78 38 2.05 
(3) 63 49 1.29 (10) 81 41 1.98 

(4) 67 46 1.46 (11) 85 44 1.93 
16792(1) 61 45 1.36 16792(6) 87 40 2.18 
(2) 70 50 1.40 (7) 87 38 2.29 
16794(1) 71 49 1.45 16794(5) 75 40 1.88 
(2) 68 43 1.58 (6) 80 44 1.82 

(3) 31 27 1.15 (7) 92 47 1.96 

(4) 68 50 1.36 (8) 91 49 1.86 
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TABLE 1 (continued) 





























GLOBES | NORMALS 
Plant number | Length | Width | L+W Plant number | Length | Width L+W 
| | 
16795(2) 70 | 50 | 1.40 16795(6) 92 46 2.00 
(3) 62 | 43 1.44 (7) 70 39 1.79 
16797 (2) 62 | 40 1.55 16797(5) 87 42 2.07 
(3) 62 41 | 1.51 (6) 85 . 40 2.13 
16798(1) 70 a 1.89 16798(5) 97 48 2.02 
(2) 73 +t 1.66 (6) 99 48 2.06 
16819(1) 72 55 1.31 | 16819(4) 67 31 2.16 
(2) 67 49 1.37 | (5) 70 35 2.00 
(3) 70 51 | 1.37 | (6) 70 40 ite 
16821(1) 62 43 1.44 16821(6) 70 32 2.19 
(2) 75 40 | 1.88 (7) 41 20 2.05 
16928(1) 31 21 | 1.48 | 16928(2) 63 29 2.17 
Totals 98 6105 | 4081 147 .97 98 7663 3724 203.80 
Averages... .| 62.3 41.6 1.50+0.011 78.2 | 38.0 | 2.06+0.013 














B. Length and width and ratio length to width of the first two seedling leaves when borne at first 
node of Globes and normals. 




















s4o(t) | 38 | 21 | 1.81 | 16540(6) | 55 | 23 2.39 

33 | 21] 1.81 | 58 | 23 2.52 

16763(3) | 55 | 31 Ln | many) S| 2 2.39 

Si | 28 1.82 | 51 | 20 2.55 

16774(1) | 64 | 35 1.83 || 16774(10) | 69 | 30 2.30 

58 | 33 1.76 75 | 32 2.34 

16786(1) | 53 | 26 2.04 | 16786(4) | 60 | 23 2.61 

Si | 25 2.04 || 67 | 25 2.68 

16791(1) | 57 | 28 2.04 || 1679109) | 76 | 28 2.71 

52 28 1.86 76 28 271 

| 

16793(21) | 58 | 31 1.87 || 16793(23) | 51 | 19 2.68 

61 | 35 1.74 | 49 | 19 2.58 

Totals 6 | 636 | 342 23.39 6 | 742 | 293 30.46 
Averages...| 53.0 | 28.5 | 1.86+0.021 || 61.8 | 24.4 | 2.53+0.028 














culture by the width relations of their leaves alone. The outline of the 
blade is more broadly ovate in shape, its surface is more depressed along 
the veins, the margin is less toothed while the petiole, by its slower growth, 
causes the leaves to be more closely clustered around the young bud. 
The Globe mutant differs from normals apparently in all parts of the 
plant. It forms a complex of characters readily recognized whether the 
plants in question have purple or white flowers, many or few nodes, or 
spiny or smooth capsules. Globes like other mutants of this type are 
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slower in growth than normals and in competition with normals are 
liable to be crowded out by the latter. Thus the offspring in mass plant- 
ings, obtained by selfing Globes, show few if any Globes and these when 
present are usually suppressed to but a few inches in height. 


TABLE 2 


Globes selfed and crossed reciprocally with main-line normals. Plants pollinated in greenhouse, 
1916-1917. Records taken in seed-pans in greenhouse, 1917-1918. 














| GLOBE SELFED GLOBE X NORMAL NORMAL X GLOBE 
GLOBE PARENT | NORMAL PARENT | 
Globe | Normal Globe Normal Globe Normal 

16686(2) 16400(1) ae 45 a 12 1 8 
16688 (3) 16615(9) 0 1 25 56 0 73 
16762(1) 16400(8) 15 55 16 53 1 8 
16763(7) 16615(11) 33 116 7 39 1 41 
16763(9) 16400(10) 24 145 28 43 2 21 
16774(2) 16400(3) 11 55 28 51 3 81 
16775(1) 16679(4) 9 41 69 166 14 158 
16776(2) 16400(2) 18 57 21 53 0 85 
16776(4) 15703(7) 17 27 4 36 0 17 
16776(6) 16679(3) 30 63 22 51 3 78 
16776(7) 16400(1) 4 8 20 56 1 20 
16780(5) 16856(7) 25 54 11 46 2 68 
16533(2) 16615(20) 4 18 23 54 1 73 
16534(2) 16400(4) 11 30 31 60 0 82 
16768 (3) 16636(23) 16 81 23 73 0 51 
16784(5) 16896(8) 10 26 19 74 0 83 
16773(4) 16896(3) 22 68 1 10 8 82 
16777(4) 16925(6) 2 13 13 52 0 53 
16550(1) 16450(17) 17 67 14 62 0 48 
16550(4) 16450(34) 6 15 11 65 2 72 
16767(1) 16896(1) 18 40 26 68 2 88 
16688(1) 16720(35) 21 37 3 17 2 73 
16776(5) 16720(3) 24 66 17 63 2 77 
16789(5) 16720(38) 5 13 25 59 1 71 
16768 (4) 16566(4) 13 52 8 21 0 78 
16793(5) 16411(1) 8 76 4 25 4 94 
16793(6) 16720(2) 26 113 27 70 3 76 


























A variety called Round-leaf Globe differs from the typical Globe in 
having distinctly broader leaves and a lessened vigor of growth. Since it 
is a rare form which is occasionally produced by Globe parents and when 
selfed throws the latter, it has been included in our records with the more 
typical form. Its exclusion would not materially change the ratios 
obtained. 
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INHERITANCE OF GLOBE COMPLEX 


Early breeding work with the Globe indicated that the manner of its 
inheritance was not in accord with any simple Mendelian interpretation. 
A more extensive series of selfs and crosses was therefore carried out in 
order to determine more accurately the extent to which the Globe complex 
could be transmitted. A considerable number of Globe plants growing 
in, the greenhouse in 1916-1917 were selfed and crossed weciprocally with 
main-line normals which had had no known Globe blood in their ancestry. 
From among these, due to lack of successful pollination of the pot-grown 
plants, to failure in germination, or to other causes, only 27 Globes showed 
a complete series. With the exception of a few cultures grown in the field, 
all the pedigrees were sown in the greenhouse in 1917-1918 and the plants 
discarded from the seed pans at an early stage of development. Globe 


TABLE 3 


Summary of table 2. 





| 
PERCENT | | 





| 
| SEEDS | SEED- 














ORIGIN OF SEED | PLANTED LINGS aie GLOBES Bean PERCENT GLOBES ra 
Globe selfed........... 3015 1782 59.10 | 400 1382 | 22.45+0.667 | 1:3.46 
Globe X normal........| 2628 1935 | 73.63 500 1435 | 25.84+0.671 | 1:2.87 
Normal X Globe....... | 2771 1812 | 65.39 53 1759 2.92+0.266 | 1:33.19 








Percentage difference between offspring from Globe selfed and from Globe X normal = 
3.39 + 0.945. Diff./E. Diff. = 3.59. 


seedlings are recognizable often by the time the first leaf opens and usually 
before the opening of the third. Only in rare cases has it been necessary 
to pot up doubtful seedlings for later determination. 

In table 2 are presented the detailed results and in table 3 the summary 
of the experiment. In the latter table are given the number of seeds 
planted and the percentage of recordable seedlings which they produced. 
It is obvious that a difference exists between the inheritance through the 
male and that through the female parent. The egg cells of Globes, whether 
fertilized by Globe pollen or by pollen from normal plants, transmit the 
Globe complex to only about 25 percent of the offspring. Globe pollen, 
wher used on normal plants, transmits the character to only about 3 per- 
cent of the offspring. This figure, though small, is too large to be accounted 
for by the occurrence of new Globe mutations, in view of the rarity of 
Globes from normal parents in comparable material shown in table 4. 

If 3 percent represents the average number of Globe pollen grains which 
transmit the mutant character, we should expect a higher proportion of 
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Globe offspring when Globe pollen is used than when pollen from normals 
is used on Globe females. The reverse, however, is actually the case and 
Globes selfed produce a lower percentage of mutant offspring than Globes 
pollinated by normals. The difference shown in table 3 is 3.6 times its 
probable error and is undoubtedly significant. The explanation may 
possibly be connected with a difference in vitality between seedlings pro- 
duced by self- and those produced by cross-pollination. The fact is at 


TABLE 4 


Globes and their normal sibs, selfed and crossed reciprocally. Plants pollinated in greenhouse 
1916-1917. Records taken in seed-pans in greenhouse 1917-1918. 












































| GLOBE SELFED | GLOBE X NORMAL NORMAL X GLOBE NORMAL SELFED 
| 
oonate NORMAL PARENT ; 
Globes | Normals Globes | Normals Globes | Normals| Globes | Normals 
| | 

16550(5) | 16550(8) 17 | 86 31 | 48 | O 31 0 97 
16774(1) | 16774(12) | 29 | 63 2 11 0 98 
16781(2) | 16781(10) 36 | 49 0 101 
16790(3) | 16790(7) 5 | 74 0 62 
16762(2) | 16762(5) 23 44 0 71 
16686(5) | 16686(6) | 2 1 0 9 0 69 
16534(3) | 16534(6) 21 63 0 41 
16775(4) | 16775(13) 10 16 
16819(1) | 16819(5) 17 | 69 0 210 

16551(2) 4 122 

16668(2) | 0 158 

16751(1) | 0 61 
Totals..........:.-...] 106 | 341 89 | 183 0 81 4 | 1049 
Percent Globes....... 23.3741.35 32.72+41.92 0.00 0.380+0.13 
Ratio, Globes: Normals. . 1:3.28 1:2.06 1:262.25 














least suggestive that. a lower percentage of recordable seedlings were 
obtained when Globes were selfed than when they were crossed with 
normals. 

That the difference is in some way associated with out-crossing in con- 
trast to selfing is further suggested by the results of crossing Globes with 
other Globes. There were three such pedigrees in our 1916-1917 green- 
house cultures and four in our 1918-1919 cultures. These 7 pedigrees gave 
84 Globes to 189 normals which is 30.8 percent + 1.88, or a ratio of 1:2.25. 
The cross Globe X Globe shows thus a higher proportion of Globes in the 
ofispring than the cross Globe x normal and to about the extent one 
would expect if the pollen transmits the Globe character to slightly less 
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than 3 percent of the offspring. The numbers involved in the Globe x 
Globe cross, however, are not large enough to justify one in placing any 
dependence upon the ratio which they seem to indicate as characteristic 
for this type of cross, since the difference between the percentages in the 
two types of crosses in question divided by the probable error of the 
difference is only 1.4. 

A considerable variation is noticeable in table 2 in the ratio of Globe to 
normal seedlings produced by the mutant parents. We do not find, how- 
ever, any general agreement in the results such that some Globes are found 
to produce consistently higher ratios whether selfed or used as males and 
females in reciprocal crosses. It is therefore prebable that the differences 
which exist are due to environmental factors rather than that individual 
Globe parents differ genetically for the Globe complex. 

The experiment tabulated in tables 2 and 3 shows the inheritance when 
Globe parents are selfed and crossed reciprocally with normals which had 
had no Globes in their ancestry. The question naturally arises as to 
whether the normals thrown by Globes, and therefore with Globe sibs, 
are genetically more Globe-like in their breeding behavior than unrelated 
normals. Table 4 shows a series of pedigrees comparable in time and 
manner of treatment with those in tables 2 and 3. Only one set (that with 
the parents 16550(5) and 16550(8) ) is complete, but the data are suffi- 
cient to indicate that the normal offspring of Globes are true normals so 
far as their breeding behavior is concerned. The only Globes obtained 
from selfing the ten normals listed in the table came from a single parent 
No. 16551(2) and the four Globes in this pedigree most reasonably may be 
classed as new Globe mutations. The matter will be discussed later under 
the heading of new mutations, but the experiment under discussion shows 
that we are warranted, in attempting to compute the percentage of new 
mutations, in classifying all normal parents together whether or not they 
have Globe relationships. 

In table 5 are summarized all the data available in the different years 
from 1915 to 1920, in regard to the inheritance of Globes in selfs and 
crosses. The percentage figures do not differ greatly from those already 
obtained from the more comparable data of table 3. Globes pollinated by 
normals are still seen to produce more Globes than Globes selfed, and 
normals pollinated by Globes produce Globes in only a small proportion 
of the offspring (1.7 percent). Only one out of the 16 normal sibs of 
Globes produced any Globes when selfed and the occurrence of these unex- 
pected Globe offspring may be attributed to new mutations rather than to 
the fact that their parents were descended from Globes. 
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INBREEDING OF GLOBES 


The first Globe mutant was discovered in the fall of 1915 in a pedigree of 
about 100 plants derived from a cross between white spiny and purple 
spiny stock from Washington, D. C. Seed from an unguarded capsule 
gave rise to 100 seedlings in the F, generation. The Globe seedlings fell 
somewhat short of 25 percent of the total offspring. Unfortunately a 
number of the plants were discarded by mistake before the final records 


TABLE 5 


Summary of results in different years of selfing Globes and normal sibs of Globes and of crossing 
Globes with normals and normals with Globes. 





GLOBE SELFED | GLOBE X NORMAL NORMAL X GLOBE | NORMAL SELFED 










































































YEAR Seed | | Nor- | Seed | | N Seed | - Seed 
Nor- | “ |, Nor- } Nor- Nor- 
= ov eee | - Globes ai ~~ Globes ake ~ Globes ee 
1915-16 1 7 37| 5! o| 256 
1916 13 42! 191| 1 1 a -s 0} 208 
1916-17 44 362| 1621, 1] 9] 15} 11| 1] 428 
1917 7 33) 175, 3/105 | 246) 1) 14] 172 
1917-18 60 | 955) 2721) 31 | 439 1380} 32] 40] 1844) 10/] 4 | 1050 
1918-19 32 | 1160} 2995} 14 | 309] 698} 8 2| 445 
1919 14 | 341] 1156) 2} 0] 117 
1919-20 61 | 2433) 7003| 4} 0 | 905 
1920 3 71) 175| 
| | 
FI }z) ere ah al +e isso 9 wae 
ys ee 235 | 4403|16075| 50 | 917 | 2351) 65| 57 | 3362) 16| 4 | 2072 
Percent Globes..|. 21.50-+0.206 28 .06-+0.530 1.670.148 0.19-++0.064 
Ratio, Globes: 
Normals...... 1:3.65 1:2.56 1:58.98 1:517.75 
| 














Percentage difference between offspring from Globes selfed and Globes X normals = 
6.56+0.839. Diff./E. Diff. = 7.81. 

Difference between normals X Globes and normals selfed = 1.48 + 0.161. Diff./E. Diff. 
= 9.19. 


were taken, and in consequence exact percentages can not be given for 
this generation. An attempt was made by inbreeding to increase the 
proportion of Globe seedlings in the offspring of Globe parents. From 
pedigrees which showed a high proportion of Globes, individual Globes 
were chosen for selfing. Globes were also selfed from pedigrees which 
showed a low percentage of Globes but the line was continued from parents 
in pedigrees which showed a relatively high proportion of the mutant in 
question. The attempt to increase the proportion of Globes by inbreed- 
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ing was not successful. The results of the experiment, which has been 
carried to the tenth generation, are summarized in table 6. It will be 
noted that, whereas considerable variation exists in the proportion of 
Globes in the different generations, still there is no general increase from 
first to last. A detailed analysis, moreover, shows that it makes no appar- 
ent difference in the proportion of its Globe offspring whether a Globe 
parent comes from a pedigree high in Globes or from one low in this mutant. 


x 






































TABLE 6 
Globe mutant: Inheritance in succeeding generations. Plants in P, from across; those in F, from 
an unguarded capsule; subsequent generations from selfed parents. 
Generations PB | F F2 F3 | Fs | Fs | Fe Fr Fs Fo Fio 
= et | . | 
Seed parents.| 1 | 1| 13] 37] 43/ 3] 1 | 3 8| 3] 19 
Total plants.} 100+] 100} 242 | 1622 | 2 635 364 7 178 660 | 642 | 2732 
Globes. .... “2 <25 42 284 | 645 104 3 46 134 155 651 
Normals... .. 99+| >75 200 | 1338 | 1990 260 4 132 526 | 487 | 2081 
Percent 1 ca {| 17.36] 17.51] 24.48] 28.57] 42.86] 25.84] 20.30] 24.14] 23.82 
Globes. . M | oi i+ 64/+0 64) +£0.56 +1.60)/+7 .07)+2.21/+1.06)/+1.14/+0.55 
Ratio, Globes: | | 
Normals =f 99+ 1:3+/1:4 76/1: 44 71/1: re 09)1: 2 50/1: 1.33)1:2.87/1:3.93 1:3.14)1:3.20 














OCCURRENCE OF NEW GLOBE MUTATIONS 


Inasmuch as the Globe is one of the most readily recognized of all the 
Datura mutants and has been sought for in our cultures since its first 
appearance in 1915, it is possible to give more reliable figures in regard to 
the frequency of its new appearance than could be done for the mutants 
discovered later. In tables 7-8 is given the occurrence of Globe plants in 
offspring from selfed parents of the,19 different main lines. The plants 
were grown about one foot apart in the rows in the field or in pots in the 
greenhouse. The various lines have the color; spine and node characters 
indicated in the table. Those listed as named species were kindly sent by 
Dr. C. M. WoopwortH, from Madison, Wisconsin, and have been kept in 
cultivation under the names supplied by him. It is questionable if any of 
the lines represented in this table are deserving of specific rank. They 
seem rather to represent various Mendelian segregates or at best biotypes 
of a single not very variable species, D. stramonium. 

In the tables are listed all the Globe mutations that have been observed 
in pedigrees from normal parents. Pedigrees from selfed parents have 
been kept separate from those derived from crosses between the main 
lines and from later segregates from such crosses. All seedlings which 
were not Globes have been listed as normals although in some cases they 
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Main lines and occurrence of new Globe mutations from 1915 to 1920. The first mutation found in 1915 is not included 


NUMBER | TYPE 


ParM | 
WarM 
WarF 
W in F 
Par M 


WarM | 
WarM 
> ar M 
ParM 
ParM 
WarM 


WarF 
ParM 
> ar F 
WinF 
| ParM 
| WarF 





Washington, D. C. 
Washington, D. C. 
Erfurt, Germany 
Erfurt, Germany 
Staten Island 


W ar M | Staten Island, N 


Bronx, N. Y. 

Woodbury, N. Y. 

Cold Spring Harbor, N. Y 
Charlotte, Va. 

Danville, N. C. 

Lloyds Neck, N. Y. 


| 
WarF | J. L. Childs 


Naples, Italy 

D. stramonium gigantea 
| D. Leichhardtii 

D. laevis 

D. ferox 

D. quercifolia 


Back-crosses....... 
TTT TTT TTri eee 


Totals—Crosses 


and extractives. ... 


1915-1916 


1265 


394 
224 
331 


949 





Grand totals...... 


“fs [at 


64 
36 
40 | 
86 | 


162 | 


228 | 
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1046 
262 


390 
291 
496 
649 


246 


3380 
1777 
1399 
3000 


6176 


| 9556 


0.11 


4 | 0.064 || 100 | s6s2 


8 | 0.084 


70 3394 
4 157 
25 | 2131 


| 7538 


| 0.090 


0.080 


(1915. 


110 | 


131 


-1916, 


961 


1471 

291 
2466 
4228 


5189 


TABLE 8 


te greenhouse cullures, single-year dates 


| 0.068 
| 


| 0.019 


17 


| 1050 | 


| 1 | 0.024 |} 10 | 1050 | 4 | 0.380 


82 | 4 | 0.337 
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include a small percentage of other mutants. In table 7 are given the 
individual pedigrees in which the Globe mutations occurred. In table 8 
their occurrence in the different lines is given for the different years. 
Tables 7-8 represent plants which were germinated in the greenhouse 
and pricked out into three-inch pots where they remained or from which 
they were later transplanted to the field. In order to obtain mutants 
without the excessive labor and space needed for large numbers of indi- 


TABLE 7 


Detailed records of the occurrence of new Globe mutations in pedigrees from 1915 to1920 The 
figures under “‘main lines represented”’ refer to races in table 8. Under “parent type,” P stands 
for purple and W for white, ar for armed and in for inermis, M for many nodes and F for few 
nodes. Q indicates a plant affected with the Quercina disease. 





| 








YEAR Fone paest | rarest rere | €AIN INES | zones | xonuars | "ERCENT 
| 

1915 | PS7 X WS4 |‘ParMXWarM 1X2 1 +99 |+1 000 
1916 1649 | 15508(1) | P ar M selfed 1 2 44 | 4 347 
1650 | 15508(2) | P ar M selfed 1 1 18 | 5.263 
1657 | 15509(4) P ar M selfed F;(1 X 2) 1 26 3 704 
16136 | 15569(12) W ar M selfed F(1X2)| 2 42 | 4.545 

16257 | 15690(13) | ‘ am 

‘ >arMQ N Wo 
x 13567(4) | ParMQXWarM| 1X2 1 79 1 250 
16363 Cr. P ar M selfed 9 1 246 0.405 
191617 | 16507 | 1645(91) P ar M Q selfed Fi1X2)| 5 1335 | 0.371 
16925 C.P. P ar M selfed 9 1 36 2.703 

1917 16881 | 16359(3) | |... ya 
> ar \ y 7 

X 16169(50)| War M X WinF ‘fi ae 1 24 4.000 
1917-18 | 17382 | 16551(2) P ar M selfed F(1X2)| 4 122 | 3.175 

1918 173 | 16536(3) | | ,, ce 

ar ) ar } : 

x 16679(1) f | Pt 1X WarM 1X2 1 38 | 2.564 
191819 181 | 17152(2) | P ar M selfed 1 1 150 | 0.662 
1827 | 17572(1) | P ar M selfed 18 1 171 0.581 
1920 19601 192(1) | P ar M selfed 1 2 97 2.020 























viduals, mass plantings were undertaken. Seeds were thickly sown in 
rows in the garden. In 1917 the seedlings were not cut out and recorded 
until late in the season when many of them had reached maturity. The 
evidence from pedigrees from Globe parents where Globes were expected, 
showed that normal plants with more vigorous growth tend to crowd out 
mutants which might otherwise appear in the mass plantings. The mass- 
planting records for this year, therefore, are of little value in indicating 
the incidence of mutations. In 1919 and 1920 the mass plantings were 
better handled in that several times during the season the larger seedlings 
of normal appearance were thinned out to give a better chance of growth 
to the smaller seedlings and to those which germinated later. It is prob- 
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able that few if any mutants were discarded in these early thinnings since 
the majority of the mutants can be recognized in the seedling stage and 
moreover their relative weakness of growth would prevent their reaching 
a discardable size until later in the season. Mass-planting records, how- 
ever, are not comparable with those of garden and greenhouse cultures 
handled in the usual manner since undoubtedly many more mutants fail 
to survive when crowded than when given space for individual develop- 
ment. Table 9 shows the records of mass planting of main lines in 1919 
and 1920. 


TABLE 9 


Occurrence of new Globe mutations in mass plantings of different lines in 1919 and 1920. 







































































| 1919 | 1920 1919 + 1920 
NUMBER Seed | Nor- | g | Percent | Seed Nor- | g Percent | Seed | Nor g | Pe-cent 
par | mals | -2 | Globes | par. | mals | = | Globes | Par: | wa = | Globes 
1 5 | 4955| 4 | 0.081 | 3 6950] 3 | 0.043 | 8 |11905| 7 | 0.059-+0.015 
2 2 | 2167| | | 3 7979| | 5 |10146 
3 1 | 533} | | 1 | 1646 | 2 | 2179 
4 4 | 1812) | 1 | 435) | 5 | 2247 
5 1 | 1333) | 1 | 1884| | 2 | 3217 
6 1 | 333] oe 2 | 1068 
7 1 | 585} 1|0.171] 1 | 596] 2 | 1181} 1 | 0.085+0.061 
8 1 | 656 1 | 958) 2 | 1614 
9 1 | 630 1 | 876 | 2 | 1506) 
10 | 1 | 717 1 | 799) | 2 | 1516 
11 | 1 | 960) | 1 | 876) | 2 | 1836 
12 - | | 
13 1 | 225 1 4, | | .2 | 229) | 
14 1 | 226 1 34) | 2 | 260) | 
15 1 | 1933 | 1 | 1933] 
16 1 | 637 3 | 314 | | 4 | 951 
17 1 41| | 1 41 
18 | 1 | 885} | | 1 | 885 
19 3 | 290 3 | 2909 
Total..| 22 |15769| 5 | 0.032 | 26 |27244| 3 | 0.011 | 48 |43013| 8 | 0.019+0.004 
| 0.006] | [0.004 | | 











From the data in tables 7-9 it may be concluded that Globe mutations 
are relatively infrequent. Taking the data as a whole, including both 
selfs and crosses, they average for potted seedlings around 0.05 percent or 
1 in 2000. For mass plantings they average around 0.019 percent or 1 in 
5000. It is evident that they are no more likely to occur as a result of 
crossing than as a result of selfing. They are consistently somewhat 
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more frequent in the Washington purple armed stock than in the other 
main lines both in potted seedlings and in mass plantings. The difference 
seems significant but the cause for this difference is unknown. As will be 
shown in later publications, the 12-13 chromosome condition is probably 
brought about by non-disjunction and factors influencing this process are 
to be sought for as the ultimate cause of the appearance of new mutations 
of the Globe type. 


TABLE 10 


Occurrence of new Globe mutations from mutant parents. 












































| MUTANT SELFED | MUTANT X NORMAL | NORMAL X MUTANT 
PARENT hae =| | al» | | 2 ‘ ; 
| 3 | Globes |Z2| E || Globes [ge] & || Globes 
5 | 8 )|2 | la | 2 1c 
Poinsettia. ......... 8; 4 | 0,41 5 | 389] 1 | 0.26 | 3 | 591) 1 | 0.17 
Poinsettia var. Wiry.........| 2] 189) 0 | 1 15} 0 1 | 225) 1 | 0.44 
Cocklebur..................{ 20)1859} 1 | 0.05 | 8 |1047| 1 6 |1167| 0 
Tex . pikensbetve<ssal See 5 | 538] 1 4 | 975| 0 
Mutilated. ................{ 16] 871] 1] 0.11 | 8 | 351] 0 4 | 552| 2 | 0.36 
Sugar Loaf... . 2. sees ee eee 8| 413} 1| 0.24 | 3 | 367) 0 1 | 197; 0 
Rolled..... veceeeeeeeess| 8} 705.1] 0.14 | 2 | 22214] 1.80 | 1] 245] 1 | 0.41 
Reduced. .. seeteeteeeeeed 6| 707| 2| 0.28 | 1] 127| 1] 0.78 | 1 | 215) 0 
Buckling...................| 8| 856] 1| 0.12 | 1] 106] 0 1 | 246] 0 
Glossy...........0.eeeeeee.1 7] 897] 1] 0.11 | 1 | 143] 0 1 | 253] 0 
Microcarpic.....-....+.++-,| 1s} 994) 1] 0.10 | 5 | 178] 0 4| 353] 0 
Spinach?....................{ 13} 625] 8 | 1.26 | 3 | 187] 4| 2.09 | 2 | 377] 0 
Totals. ............. +++. .{125]9939} 21| 0.211 | 43/3670|12 | 0.326 |29 |5396| 5 | 0.093 
| | [0.031] | +0.064 +0.028 























Percentage difference between offspring from mutant selfed and mutant X normal = 0.115 
+0.071. Diff./E. Diff. = 1.62. 

Percentage difference between offspring from mutant X normal and normal X mutant = 
0.233 + 0.070. Diff./E. Diff. = 3.33. 


We have just discussed the occurrence of Globe mutations from normal 
parents. It will be of interest to consider the occurrence of this mutant 
from parents belonging to the other mutant types. In table 10 are shown 
the percentages of new Globes that have occurred from selfing the various 
mutants and from crossing them reciprocally with normals. The per- 
centages of Globes are evidently higher than from the main-line parents, 
a condition which may be partially explained by the fact that most of 
these mutant parents have come from line No. 1, which has given the 


1In a previous publication (BLAKESLEE and Avery 1919) the mutant Spinach was provis- 
ionally called Tobacco Leaf. 
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highest percentage of new Globe mutations. It is of interest to note 
that mutants when used as females in crosses with normals produce more 
Globe mutations than the same mutants when selfed, and that, when 
used as males in crosses with normals, the percentage of Globe mutations 
is reduced to about the average expected from the assemblage of main- 
line parents. The difference between the cross mutant X normal and 
normal X mutant is evidently significant statistically; that between mutant 
selfed and the cross mutant X normal is not statistically significant when 
considered alone, the difference being only 1.6 times its probable error. 
A large proportion of the normals used in the test belonged to line No. 
4 in which we have never observed a mutation of any kind. We may 
therefore be actually comparing lines 1 and 4 as well as mutants and 
normals. A comparison of table 10 with table 3, however, will be instruc- 
tive and lead us to the conclusion that the egg cell is not only more 
effective. in transmitting the mutant character, once it has arisen, but is 
also more effective in originating these mutations than is the pollen grain. 


POLLEN STERILITY 


In studying the condition of pollen it has been our general practice to 
investigate three flowers from each plant. The pollen is mounted in 
10-percent glycerine and somewhat over 330 grains on the average are 
counted from each anther. The figures from many of the plants, there- 
fore, represent counts of around 3000 grains. There is generally little 
difficulty in classification. Grains plump and full of protoplasm have 
been called good while obviously shriveled grains, completely or largely 
devoid of protoplasm, have been listed as bad in making up the averages. 
Occasionally flowers have been found in which the pollen is practically all 
bad due to unknown factors. In these, however, there is not the sharp 
distinction between good and bad grains seen in other flowers on the plant. 
Disease and extreme cold are known to bring this condition about and such 
flowers in consequence have been considered pathological and not included 
in the averages, although it has not been possible in every case to deter- 
mine the exact cause of the abnormal appearance of the grains. Environ- 
mental factors evidently have some influence upon the pollen counts since 
the averages from greenhouse plants do not seem to correspond closely to 
those from plants in the field. It is hoped that it may be possible at a 
later date to make a more detailed investigation of pollen sterility in the 
Globe and other Datura mutants. It seems worth while, however, to 
present the data already obtained with the Globe as a preliminary contri- 
bution to such a study. 
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TABLE 11 
Number of bad pollen grains in Globes and in their normal sibs in flowers tested in late summer 
1919. 
GLOBES | | NORMALS 
1] ; a 
Plant 5] = | Bad | Good | Percent | Percent | Plant 3]. | : | Fs Percent lasaidi 
number E| 3 ‘\oeonne grains y aim ye ony ] number EE : 3 | 3 yang = 
eS, A ee sel OSS AS TY hes A, 
1930(18) r A | 24] 332 1930113) 1 | A | 17 | 327 
B | 26| 330 B | 16 | 314 
| | c]} 20] 281} 6.91 ] C | 14| 319 4.09] 4.09 
21° Ar) 20): 312 l 
B| 19, 329 | 
C}| 24> 299) 6.28) 6.59 || 
1930(70) | 1| A| 19! 324 | 
B | 23. 299 | | | 
c| 20) 319! 6.17 | a 
2| A| 47! 303 
B | 57) 278 
C | 52] 287 | 15.23 
13| A | 30| 387 | 
B| 17| 273 | 
C | 40) 276| 8.51} 9.71 fe if 
1930(131)|} 1| A | 26) 321 | | Ver 
B | 33| 284 | | | 
| C} 30| 305| 8.89 
21] 2h) 31s | 
B | 24) 308 
C | 26| 317| 7.02 
31 A| 27| 313) 
B | 16} 309 | | | 
C| 25| 316] 6.75| 7.55 in vet ae 
1954(1) | 1] A | 31] 328] 1954(2) |1| A | 10| 354 
B| 39| 354| | B | 12 | 378| 
C | 24| 334] 8.47| 8.47 | C | 11 | 265, 3.20] 3.20 
19119(1) |1| A | 16} 347 a 
B | 23) 273 | | bd 
C| 22} 347| 5.93 | wee | 
2| A] 13| 340 
B| 23! 318 | | 
c| 19! 321] 5.32 
3| A} 20| 308 
B | 13) 310 
C} 13/ 335| 4.60) 5.26 | 
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TABLE 11 (continued) 





GLOBES || NORMALS 





























| & || i 2 a } 
ee a os sood | Percent | Percent || . we a ie = | Percent | Percent 
number |E5| eran arate ager |Saer | number BS) S| |g ace’ | Danae 
je | me < = oO | 
1912011) |1| A | 32} 346 || 19120(7) | 1| A | 15 | 303 
| | B| 28) 340 | B | 7 | 329 
Cc | 22] 296) 7.71 C | 18 | 336 3.98 
| 2; A| 41| 281 | 2} A! 6! 368) 
B| 45| 346 B | 9 | 286 
C | 36! 265 | 12.03 C | 8 | 324) 2.29 
3/A| 29| 314 3| Al 9| 343 
| | BY] 15) 287 B | 9/| 322 
| | C | 21} 346| 6.42| 8.72 C | 10| 322) 2.76] 3.01 
19120(3) | 1] A | 29| 315 
B | 33| 366 
iC) 32) Se! 8.2 
l2| a | 28| 332 
| |B 28! 287 
| 1c! 35| 343| 8.64 
13! a | 38] 338 | 
| |B 40| 287 ] 
C 24| 276) 10.17} 9.09 
Totals 7..|18 | 54 | 1477 17021143.52 | 55.39 3 5 | 15 171 4890 16.32 | 10.30 
Means. . | 27 .351315.20 7.97| 7.91 11.4, 326 3.26 | 3.43 
+0.415+0.446 +0.21 


0/0. 183 











Differences between the percentages of bad pollen per plant for Globes and normals = 
4.48 + 0.48. Diff./E. Diff. = 9.29. 


Experience has shown that pollen of normal Daturas is relatively good. 
In the field of the microscope, there will be only occasionally a shriveled 
grain. The average amount of bad pollen of 19 plants taken in the late 
summer of 1919 from several main lines and from sibs of mutants was 2.7 
percent. Over 1000 grains were counted for each plant. 

In comparison with normals, Globes have a distinctly higher percentage 
of defective grains. Table 11 gives the counts on 7 Globes and 3 normal 
sibs of Globes, which were made in the late summer of 1919. They show 
the actual counts and the differences between the averages of the indi- 
vidual plants and between the individual flowers on these plants. For 
flowers, the bad pollen ranges from 4.60 percent to 15.23 percent, while 
for plants the range is from 5.26 percent to 9.71 percent with a mean of 
7.9 percent. On the greenhouse plants of 1919-1920 a more extensive 
series of counts was undertaken. A total of 79 flowers from 44 plants 
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was investigated with an average of over 1000 grains tested from each 
flower. The distribution of the percentages grouped by twos is given in 
table 12. The mean is 6.99 but the range is greater than that of the plants 
in table 11 due in part at least to the larger number of flowers involved. 

An investigation was made of the possible relation between the per- 
centages of bad pollen and the percentages of Globe offspring from selfed 
plants. In table 13A are listed plants from the group of table 12 for 
which both pollen counts and selfed offspring have been obtained. The 
first column gives the parent number, the second column gives the number 
of the individual flower from which a portion of the pollen was tested and 
the remainder used in selfing its own pistil. The third column gives the 
percentages of bad pollen in the individual flower tested while the rentain- 
ing three columns give the proportion of Globes and normals which resulted 


TABLE 12 


Distribution of percentages of bad pollen in 79 flowers of 44 Globe plants. Counts made from plants 
in greenhouse, 1919-1920. 





PERCENT BAD POLLEN | 























| See i ee pe. | = “ TOTAL 
a a aA i oa = in oe 
Fleltizlegigialsigiala 
;}oftn a © | @ = |= | = =- |= a 
We iB Fabia (ln Fy Rat Ree WER [ey Ach 
Number of flowers ........ 5 | S) 21 1 | 11 4 | 0 | 1 0 | 1 | 79 





from the seeds which these flowers produced. It will be noted that plant 
19130 (1) has two flowers tested and plant 19145 (1) has three flowers tested. 

Five plants from the 1919 garden cultures were similarly tested with the 
difference that figures for percentages of bad ‘pollen were taken from aver- 
ages for the individual plants and not for the individual flowers which 
were pollinated. They are shown in table 13 B. 

At first sight there seems little if any relation between the amount of 
defective pollen and the percentage of Globes in the offspring. If we 
arrange the percentages of bad pollen of the plants in tables 13 A and 13 B 
in grades of 2 percent and obtain the average percentages of Globes in the 
ofispring corresponding to these grades, we are able to arrange the data 
in tables 14A and 14B. In the first of these tables there were 20 pedi- 
grees which came from flowers with pollen 1 to 6 percent bad. They gave 
around 20 percent Globes. There were 15 pedigrees from flowers with 
more than 6 percent bad pollen and these showed over 26 percent Globes. 
There seems to be a division above 6 percent bad pollen represented by the 
double line in the table separating the pedigrees into two groups with high 
and low ‘Globe tendencies. A similar relation appears in table 14 B which 
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TABLE 13A 
Arrangement of individual flowers according to the percentages of bad pollen which they showed 
and records of the Globes and normals obtained from selfed seeds from these flowers. Parents 
grown in the greenhouse, 1919-1920. 

PARENT | FLOWER vue Bical ae GLOBES NORMALS gery 
19138(2) 21.26 i 14 26.32 
19145(19) 2 16.62 51 142 26.42 
19138(6) 1 11.75 23 47 32.86 
19145(1) 1 11.48 66 156 29.73 
19141(4) 1 11.37 30 81 27 .03 
19139(4) 2 10.36 78 211 26.99 
19136(1) 1 10.18 12 42 22.22 
19145(2) 1 9.81 56 173 25.23 
19133(3) 3 9.31 14 38 26.92 
19146(3) 1 9.25 50 163 23.47 
19145(1) 3 8.71 14 46 23.33 
19130(1) 3 8.44 10 26 27.78 
19145(1) 2 7.64 7 14 33 .33 
19144(1) 1 7.51 12 48 20.00 
19142(1) 1 6.57 28 79 26.17 
19145(12) 2 5.76 47 152 23.61 
19134(2) 3 5.38 62 198 23.85 
19133(3) 1 5.00 22 107 17.05 
19141(3) 1 4.88 23 69 25.00 
19130(2) 1 4.70 45 136 24.86 
19145(12) 1 4.47 11 34 20.00 
19146(6) 1 4.12 3 41 6.82 
19145(1) 1 3.83 P 32 5.88 
19145(14) 1 3.78 90 181 33.21 
19147(11) 1 3.36 3 56 5.08 
19147(8) 1 2.81 64 176 26.66 
19130(1) + 2.69 19 26 23.39 
19145(34) 1 2.26 40 177 18.43 
19145(4) 1 2.16 30 141 17.54 
19145(11) 4 2.06 79 239 24.84 
19145(12) 3 1.95 16 48 25.00 
19136(1) 2 1.88 68 159 29 .96 
19147(8) 2 1.86 10 53 15.87 
19145(7) 1 1.77 12 57 17.39 
19147(2) 1 1.42 27 138 16.36 
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TABLE 13B 


Similar to table 13 A except that the pollen counts were taken from garden plants in 1919 and refer 
to the averages for the individual plants and not for individual flowers. 














aoe | ee | eee | le | ee | ee 
1930(70) 3 9.71 42 97 30.22 
19120(3) 3 9.09 3 15 16.67 
1954(1) 1 8.47 117 196 37.38 
1930(131) 3 7.55 48 268 15.19 
19119(1) 3 5.26 10 77 11.49 














is a similar grouping of the data of table 13 B except for the fact that the 
dividing line comes above 8 percent bad pollen. The numbers in these 
two tables combined are too small to warrant one in placing much con- 
fidence in the conclusions which they may seem to suggest, viz., that a 
large percentage of Globes is associated with a relatively high degree of 
pollen sterility in their parents. Such a conclusion would seem further 
questionable in view of the wide variation in Globe percentages corre- 
sponding to closely similar degrees of pollen sterility shown in detail in 
tables 13 Aand 13 B. 
TABLE 14A 


The data of table 13 A with the percentages of bad pollen arranged in grades of two percent and 
the corresponding percentages of Globes in the offspring. 





| PERCENT BAD POLLEN 




















a a a a a a 
al/alai,s =al[|S2i2/S ]/S]4 
ae eee: 
Dn ee S40 26s Sees Ss Maw CE is CS: 

Percent Globes. ..............+++-+.|20.9}19.2|20.2/26.5)25.4)27.8 26.4 26.3 

Number of pedigrees................| 513) 7 | 2 oe 1 1 
TABLE 14B 


An arrangement of the data of table 13 B similar to that in table 14 A. 
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DISCUSSION OF RESULTS 


The facts presented in the foregoing pages are the empirical results 
obtained for the most part before chromosomal duplication was known to 
be the cause of the Globe and other mutations. A brief but somewhat 
general discussion of the phenomenon of duplication of chromosomes in 
Datura has already been given elsewhere (BLAKESLEE, BELLING and 
FARNHAM 1920). It does not seem desirable at the present time to enter 
into any extended discussion of the subject. 

The detailed study of the Globe has shown that a striking difference 
exists between the transmission of the mutant character through the egg 
cells and through the pollen grains. Either the male gametes with an 
extra chromosome in one of the 12 sets are for the most part non-viable 
and hence only those with the normal quota of chromosomes are available 
for germination on the stigma or else the pollen tubes of the abnormal 
grains are unable to reach the ovules in time to take part in fertilization. 
The relatively high proportion of defective grains speaks for the first 
hypothesis. Probably both factors play a part in putting the abnormal 
male gametes out of commission. Pollinations with a limited number of 
grains may determine the value of the second hypothesis. Both hypoth- 
eses assume like chromosomal behavior in formation of eggs and sperms. 

No investigation of the condition of ovules has yet been made. The 
deviation from a 1:1 ratio of normals to Globes in the offspring of Globes 
leads one to believe that many of the zygotes which are formed with an 
extra chromosome are incapable of developing into seeds or that of such 
seeds many fail to give rise to recordable seedlings. The lessened vigor 
of .all simple-trisomic plants in comparison with normal Daturas leads one 
to expect them to be suppressed at any stage in their struggle for existence. 

The occurrence of new Globe mutations is bound up with the cause of 
chromosomal duplication. Knowing the mechanism to be affected, it 
may be possible to induce mutations by the application of appropriate 
stimuli. It seems probable that a duplication in one set renders more 
likely a duplication in an entirely different set since new Globe mutations 
are distinctly more frequent from other simple-trisomic mutants than 
from normals. 

The condition of the pollen has received considerable attention in recent 
years by students of genetics. It has been assumed by some to be a cri- 
terion of hybrid ancestry. The fact that pollen sterility is a common 
phenomenon in various species and mutants of Oenothera has lent support 
to the belief that hybridity has played a major réle in their mutability. 
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The Globe Datura in comparison with normals is characterized by a dis- 
tinct amount of pollen sterility. Our tabulations of the occurrence of 
new Globe mutations, however, indicate that mutations are no more likely 
to arise as an immediate effect of crossing various main lines than as a 
result of inbreeding these lines for several generations. All of the mutants 
of Datura with an odd number of chromosomes so far investigated show a 
considerable amount of bad pollen. The Globe has served as an example 
but shows fewer defective grains than the others. 

Hybridization between forms with different numbers of chromosomes is 
one method of bringing about chromosomal irregularities and it is probably 
the irregularities thus induced rather than the mere fact of hybridization 
which often accounts for defective pollen in hybrids. Gametic lethals 
brought in through crosses or arising by mutation are factors which in 
addition to chromosomal aberrations may be expected to have an injurious 
effect upon the pollen. The work with Datura at least emphasizes the 
contention that the presence or absence of a considerable amount of pollen 
sterility is not alone a safe criterion of the pure or hybrid nature of the 
species in question. 

For assistance in collecting and tabulating the data in the present paper, 
the writer acknowledges his indebtedness to his assistants, Mr. B. T. 
AvERY, Jr., Mr. P. A. WARREN, Mr. D. S. WEtcu, Miss L. A. Manns, Mr. 
J. L. CArTLEDGE and Mr..M. E. FARNHAM. 


SUMMARY 


1. The Globe is one of 12 recurrent mutations found in the Jimson 
Weed (Datura stramonium). 

2. It is characterized in distinction from normals by depressed-globose 
capsules and by broad and only slightly toothed leaves as well as by a 
lessened vigor of growth. 

3. The cause of the peculiarities of this mutant is the presence of a single 
extra chromosome in a specific one of the 12 chromosomal sets. 

4. Such a form is called a simple-trisomic mutant since in its somatic 
nucleus one of the 12 sets is a trisome with 3 homologous chromosomes 
instead of all the sets being disomes with two chromosomes each. 

5. When selfed, Globes transmit the mutant character to about 22 per- 
cent of the offspring. 

6. When crossed with a normal as the male parent, Globes transmit the 
character to about 26 percent of the offspring. 
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7. When normals are crossed with a Globe as male parent, the char- 
acter is transmitted to about 2 percent of the offspring. 

8. From the above, it is concluded (a) that the mutant complex is trans- 
mitted primarily through the egg cells and (b) is transmitted not at all or 
only to a slight extent through the pollen; (c) that the deviation in the 
ofispring from an equality of Globes and normals is due to the lessened 
vitality of the mutant forms; (d) that the higher percentage of Globes 
obtained by crossing Globes with normals over selfing may be due to an 
increased vigor brought about by the cross. 

9. Inbreeding for ten generations has not increased the proportion of 
Globes in the offspring. 

10. New Globe mutations have occurred in various main lines in about 
0.05 percent of the offspring which is about 1 out of 2000 individuals. 

11. The offspring from crosses between main lines have shown new 
Globe mutations in about the same proportion as in the main lines them- 
selves. 

12. From the other simple-trisomic mutants, new Globe mutations are 
more frequent than from normals when the mutant is used as the female 
parent and is pollinated either by its own pollen or by pollen from a normal. 

13. When a normal plant is pollinated by a mutant, new Globe muta- 
tions are no more frequent in the offspring than they are in the offspring 
from normals pollinated by normals. 

14. From 12 and 13, it is concluded that new Globe mutations are 
caused by changes in the formation of the egg cells and not at all or but 
rarely by changes in the pollen. 

15. Normal plants show about 2.7 percent of defective pollen grains. 

16. Globes show about 8 percent of defective pollen grains. 

17. It is concluded that pollen sterility is characteristic of the Globe as 
of the other simple-trisomic mutants of Datura. 
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INTRODUCTION 


This paper, which is one of a series dealing with various problems of 
fecundity in the domestic fowl, has for its purpose the treatment of one 
phase of the problem of the prediction of the egg production of a long 
period from the recorded performance of a relatively short period of time. 


1 J. ARTHUR Harris and A. F. BLAKESLEE, Resident Investigators, STATION FOR EXPERI- 
MENTAL EvoLuTion; Wm. F. Kirkpatrick and D. E. WARNER, Members of Poultry Depart- 
ment of CONNECTICUT AGRICULTURAL COLLEGE and Storrs AGRICULTURAL EXPERIMENT 
Station; L. E. Carp, formerly of the Poultry Department, ConNEcTIcUT AGRICULTURAL 
COLLEGE. 
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From the purely scientific side the interrelationship of the egg pro- 
duction of different periods is a problem of great biological interest. From 
the economic side, two ends which may be either quite distinct or inter- 
dependent, are to be attained by the development and application of 
formulae for the prediction of the egg production of a bird during any 
period of the pullet year. The first is the determination of the probable 
future record of an individual bird from her past performance, as a basis 
for the decision as to whether she shall be kept for egg production or sold 
for meat. The second is the estimation of the annual record of a bird 
as a basis of decision as to whether or not she shall be kept until the fol- 
lowing season to be used as a breeder, 

It will be evident to those who have had to consider the problems with 
which we have to deal, that economic factors,—particularly the cost of 
trap-nesting,—and the purpose for which prediction is being made will 
have great weight in determining the period and the number of periods 
to be used in the prediction equations. In determining which birds shall 
be sold to the commission man and which may be fed with reasonable 
prospects of profitable returns for the remainder of the year, the breeder 
is not concerned primarily with the record which the bird makes for the 
year as a whole. Practically he requires to know what returns she will 
make for the remainder of the period over which she may be retained in 
the flock. He has already maintained her for m of the 12 months. The 
question which the poultryman would like to have answered is whether 
her record during this period has been such that he can afford to feed and 
house her for the remaining 12 — months. It is evident that to be of the 
greatest value for this purpose the prediction should be made from periods 
as early as possible in the life of the bird. In other words, if birds are to 
be culled out of the flock and sold for their flesh because they are unprofit- 
able as egg producers, this should be done at a time when the maximum 
saving in cost of maintenance can be coupled as closely as possible with 
the maximum sale price. 

The correlations required for this purpose are, therefore, those between 
the record of any period which may be selected as a basis for judgment, 
znd the record of later months. 

Since in the selection of birds to be held over for breeders the total 
annual production is presumably the factor to be chiefly taken into con- 
sideration it is evident that the correlations to be determined are those 
between the record of the individual months and of the year as a whole. 
It would, of course, be better for this purpose if the records of the entire 
year were known, but as pointed out by Carp (1917, p. 66) many poultry- 
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men who feel that they cannot trap-nest for the whole year may be able to 
do so for a period of one, two or three months. Furthermore, another 
method of determining the record of individual birds for a given period 
when a knowledge of the maternity of the individual eggs is not necessary 
has recently been suggested by ALDER and EcBErt (1918). 

In selecting the months to be used in the calculation of prediction equa- 
tions for practical use one should of course be guided by the experience 
and needs of commercial poultrymen. It has generally been maintained 
that culling should not be undertaken until the period of summer pro- 
duction. The price of eggs is highest during the winter and early spring 
months. If birds have been left in the flock during these months in the 
hope that they will produce some eggs in the period of generally low pro- 
duction and high price, it would be unwise to discard them just at the time 
when some return will most. probably be made for maintenance rations 
during a preceding period, unless the price of eggs is too low to pay for 
the cost of the feed during the period of spring production when most ot 
the birds are laying heavily. Possibly this opinion is partly based on the 
inadequacy of criteria for eliminating the probably less productive birds 
early in the season. 

Furthermore, the physiological laws underlying egg production should, 
in so far as possible, be taken into account in selecting the periods upon 
which prediction equations are to be based. Previous students of fecun- 
dity in the domestic fowl have been inclined to recognize certain standard 
periods. For example, the division of the year adopted in the many papers 
published by PEARL, SURFACE and their collaborators at the MAINE Sta- 
TION is the following: 

Period of winter egg production: November, December, January and 
February. 

Period of spring egg production: March, April and May. 

Period of summer egg production: June, July and August. 

Period of autumn egg production: September and October. 

This is also the division adopted by Carp (1917, p. 67). 

These periods will be used in the present paper, and other combinations 
added so that there may be a wide range of periods from which selection 
may be made. 

While fully recognizing the foregoing principles we have felt it a part 
of the biologist’s task to furnish a comprehensive series of measures of 
interrelationships of the egg production of various periods from which 
any desired equation may be selected. It has, therefore, seemed to us 
best in this publication to base prediction equations upon a large number 
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of months and combinations of months in order (a) to determine the months 
which give the best results and (b) to enable those who wish to predict 
from any group of months. 

In the investigations one phase of which is presented in this paper, we 
have sought among other things: 

(1) To determine the best method of predicting the annual egg pro- 
duction of a bird from the known record of any individual month. 

(2) To determine the best method of predicting the annual egg produc- 
tion of a bird from the combined records of two or more months. 

(3) To determine the best method of predicting the egg record of a bird 
during a portion of the year from the record of a single antecedent month 
or a group of antecedent months. 

(4) .To compare the relative merits of these several methods of prediction 
among themselves and to determine thereby which of the methods makes 
possible the most exact prediction as a basis for determining which is likely 
to be of the greatest practical value. 

We fully recognize, and desire to emphasize especially, the fact that the 
whole problem of the prediction of future egg production cannot be solved 
in a single investigation. The problem is exceedingly complex and a 
number of factors are not taken into consideration at all in the present 
paper. All that has been attempted is to indicate the possibility of an 
important line of advance and to lay the foundations, in a series of statistical 
constants, for wider investigations. Some of these are already in progress. 
In the meantime, the results presented here may prove useful both from 
the practical standpoint and in facilitating to some extent further and more 
adequate investigations. 

The first definite step in the direction of the use of the egg record of a 
short recorded period for the prediction of the probable production during 
a subsequent or a longer period was, as far as we are aware, taken in 1917 
when it was shown (HARRIS, BLAKESLEE, WARNER and KIRKPATRICK 
1917) that in a heterogeneous series of birds such as are submitted by 
practical breeders in egg-laying contests, the October egg production is 
correlated with that of every other month of the year. The whole subject 
was carried much further in a second memoir (HARRIS, BLAKESLEE and 
KiRKPATRICK 1917, 1918) in which the correlations between the records 
of the individual months and the production of the whole year, between 
the records of the individual months and of the remaining 11 months of 
the year, and between the production of 5 of the individual months and 
the production of all the other individual months, were published for two 
series of birds. In this paper the equations for the prediction of total 
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annual production from the record of the individual months were 
given. 

The results given in our second paper (HARRIS, BLAKESLEE and Kirk- 
PATRICK 1917, 1918) show clearly that it is possible to predict with a 
considerable degree of accuracy the annual egg production of a group of 
birds from their record for a given month. They also indicate that it is 
possible within limits to predict the egg production of any month, p, from 
the egg record of any other month, g. 

Almost simultaneously Carp (1917) considered the correlation between 
the records of various periods as a basis for the prediction of annual egg 
production. Prediction equations were not, however, given. 





While the determination of equations for the prediction of the egg pro- 
duction of a subsequent or a more extended period from the actually 
recorded production of a limited period must rest upon biometric theory, 
we have deemed it proper in the testing of these equations to proceed in 
a purely objective manner. 

We have determined a series of prediction equations and have used these 
equations for estimating the egg production of a series of birds, the egg 
record of which is unknown as far as the development of the equations is 
concerned. We then determined the difference between the yield pre- 
dicted by the equations and the actual yield in the case of each individual 
bird. The average of these deviations, or any other suitable mathematical 
constant based upon them, furnishes a criterion of the suitability of the 
equation for purposes of prediction. That equation is best which predicts 
most exactly the annual egg yield, or the egg production of any shorter 
period, for a bird of which the record of a limited period is known. 

Since the birds entered in the INTERNATIONAL EGG-LAYING CONTEST 
at Storrs are drawn from a wide geographical area and are furnished by a 
large number of breeders, and since the conditions in the different years 
are maintained as nearly constant as possible, it seemed desirable to utilize 
records from this contest subsequent to those upon which the equations 
are based in testing the value of the equations. The problem is: How 
closely can the actual production of.a bird entered in the contest in a given 
year be predicted from equations based on the records of previous years 
| when one or more months’ performance of this bird is known from obser- 
| vation? We have, therefore, as already noted, based the test of our series 
| of equations first of all upon the records secured in Connecticut during the 
contest year 1917 and 1918. 

The equations which we publish are based upon 1840 single-comb White 
Leghorn birds entered in the INTERNATIONAL EGc-LAyiInG Contest for 
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the years 1911 ‘to 1917. The prediction equations have been tested upon 
415 birds whose records were obtained during the year extending from 
November 1, 1917, to October 31, 1918. 

The justification for the course followed is found in the general principle 
that a theory should not be tested against the observations upon which 
it is based. 

For practical reasons this paper is limited to a test of the accuracy. with 
which the egg record of a series of 415 birds trap-nested at Storrs during 
1917-1918 can be predicted by a series of linear equations based on the 
experience of the six preceding years, 1911-1917, at the same place. It 
may be urged that conditions at Storrs are not representative of those 
prevailing in different parts of the country. Recognizing, for the sake of 
argument at least, the validity of this objection we have been glad to avail 
ourselves of records taken elsewhere. These are now being used to test 
the accuracy with which the production of birds in any locality may be 
predicted by means of equations based primarily upon experience in another 
place or with another series of birds. The results of these studies will 
eventually be published. 


NOTATION AND THEORY EMPLOYED 


We shall find it convenient to have a simple and rigid notation. Let 
e represent the recorded egg production of a bird in any month, > denote 
a summation of monthly egg records for a given bird, 1, 2, 3,... 12 
denote the twelve successive months of the pullet year, i.e., the November 
of the year in which the’ bird was hatched until and including the following 
October. Then ¢, és, €3, . . ., € represent the November, December, 
January, . . . October egg record of a bird with an annual record of 

2 


= > (e) eggs. Further, Z, denotes the total number of eggs laid in 
1 


any month or group of months subsequent to any given month or group 
of months used as a basis of prediction, i.e., 


Eu =E-a=2(), Ey =E ~~ 4% = 30), . .» Li = 12. 


In the present paper we have used only the seals prediction equations 
derived from the means, standard deviations and product-moment coeffi- 
cients of correlation between the periods, or groups of periods, of egg pro- 
duction, i.e., with equations of the type 


E (z —E -2 
= —% E— 6) —-% Ee 
as Oe, ? Fa 


°» 
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where E represents the annual egg production or the production of any 
period of months, and ep denotes the production of any period used as a 
basis for prediction. 

The reader may quite legitimately suggest that in certain cases better 
prediction might have been secured by the use of regression curves of a 
higher order. This may be true. Our plan has been to test not merely 
the linear equations but others as well. Considerable progress has been 
made toward this end. Comprehensive tests will, we hope, eventually be 
published. Since, however, a relatively high degree: of accuracy of pre- 
diction may be attained in most cases by the use of the linear equation, 
it does not seem proper to withhold useful results until it is possible to 
determine whether additional refinement can be attained. 

The essential characteristics of equations for the prediction of egg yield 
are two: 

1. That the errors of prediction be distributed about the true numbers 
in such a manner that estimations will not in the long run be either too 
high or too low. 

2. That the magnitude of the deviations of the predicted from the 
observed egg productions be as small as possible. 

Thus in testing formulae by determining how efficiently they predict 
the production of birds whose record is actually known, we shall consider 
that formula the best which (a) shows the least error in the direction of 
consistently too high or too low prediction, and (b) gives the lowest devi- 
ation of the predicted from the observed record. 

To test the first of these essentials we have merely to determine the 
average deviation with regard to sign of the predicted from the actually 
measured egg production. This is given by 


= (E, - E;) 
N 


where E> is the actual egg production of a bird, E’p the theoretical egg 
record of an individual bird for a period p, and N the number of birds 
considered. Here a negative sign indicates that the equation has predicted 
records which are on the average too low, whereas a positive sign indicates 
that it has predicted records which are on the average too high. 

But, as noted above, a formula must do more than fail to consistently 
overestimate or underestimate. It must give predicted values which 
show the lowest possible deviation from those determined by trap-nesting. 
We have, therefore, to consider the test which shall be applied to deter- 
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mine which formula gives the lowest deviation. Two methods may be 
suggested. 

First, the deviations may be summed without regard to sign and divided 
by their number. This gives an average deviation without regard to sign 
of the predicted from the recorded production for any flock and period 
under consideration. 

The disadvantages of this method are two: (a) It ignores mathematical 
convention with regard to signs. (b) It gives large and small deviations 
a weight proportional to their actual magnitudes. Thus 50 deviations of 
3 eggs each and 50 deviations of 5 eggs each would give an average devi- 
ation of 4 eggs, while 50 deviations of 1 egg each, 25 deviations of 6 eggs 
each and 25 deviations of 8 eggs each would also give a general average 
deviation of 4 eggs. But since one of the ideals to be attained in the selec- 
tion of a formula would seem to be to obtain one which will avoid the 
grosser errors it seems proper to weight the larger deviations. This can 
be most logically done by squaring. Then 


‘ (E, — a 
N 


gives a square root of mean square deviation, or a “root mean square 
deviation.” This is probably the best available measure of the deviation 
of prediction from observation. 

For completeness we shall employ all three methods in the tests of equa- 
tions used in this paper. 

The method of taking the difference has been so chosen that a positive 
sign, indicating larger error of estimating, shows an inferiority in the 
equation. 

Two of the criteria are values without sign. In the case of the average 
deviation with regard to sign the criteria may be either positive or negative. 
In comparing two different methods of prediction we have considered that 
the magnitude of the error and not the sign is the critical point. In such 
comparisons, therefore, all of the criteria have been considered as alike in 
sign. Cases may possibly arise in which it is desirable to consider the 
question of over prediction or under prediction by two formulae which 
may be under consideration. If so our tables of criteria and not the differ- 
ences as published should be consulted by the reader. 

The characteristic equation given above is strictly valid only when 
applied to the population from which it is deduced. Its extension without 
modification to another population is justified only if the physical constants 
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and the correlations of the variables in the two populations are essentially 
identical. 

Because of the uniformity of care and the wide origin of the birds exhib- 
ited each year at the INTERNATIONAL EGG-LAYING CONTEsT at Storrs 
the average productions do not differ widely in the different years. Thus 
the monthly and annual averages and standard deviations for the 1840 
birds upon which the equations were based and the 415 birds upon which 
they were tested appear in table 1.? 

While certain of the differences are significant in comparison with their 
probable errors it is quite clear that the averages for the two periods are 
in fair agreement. 


Bird 997, Pen 100 

















| a Ue he | 4 | s | 6 | 7 | 8 

N.. a 143.1 | —17.9 | 320.41 | | | | 

D.. oe | 137.2 | —23.8 | 566.44| 161 | 143.1 | -17.9 | 320.41 
ey Cee —12.9| 166.41] 161 | 134.4 | —26.6 | 707.56 
I rssnsccacsin ea’ 13 | 169.7] +8.7| 75.69| 158 | 135.6 | —22.4 | 501.76 
Moeesecceeseeee] 24 | 189.1 | +28.1 | 789.61] 145 | 136.2| -8.8| 77.44 
ENS. 21 | 169.2| +8.2| 67.24| 121 | 129.2| +8.2| 67.24 
Ricker vnxemxeds 29 | 199.6 | +38.6 |1489.96 | 100 | 9.4 | -0.6| 0.36 
J 25 | 180.4) +19.4 | 376.36) 71 | 92.3 | +21.3 | 453.69 
Jevccssseseeeees] 27 | 193.2 | 432.2 |1036.84| 46 | 61.8 | +15.8 | 249.64 
A..sceseeeeseee] 13 |. 142.0] -19.0| 361.00] 19 | 44.9 | +25.9 | 670.81 
“RRR: | | 118.5 | —42.5 |1806.25| 6 | 12.8| +6.8| 46.24 
eset | 6 | 162.0} +1.0| 1.00] 6 | -9.7| -6.7| 44.89 
WIE sb cass cata | 161 | | | | | 


| 





The method followed in the calculations may be illustrated by one of 
the calculation blanks for the individual bird—No. 997, pen 100. The 
first column shows the production for the month indicated by the letters 
on the stub. This serves as the basis of prediction. The second column 
shows the predicted number of eggs for the year, the third shows the 
deviation of this predicted number from the annual total of 161 eggs. 
The fourth column gives the squares of these deviations of prediction from 
observation. The fifth column shows the number of eggs in the remaining 
months of the year.* The sixth column shows the number of eggs predicted 


2 The percentage differences have been calculated by using the monthly averages for 1911 
to 1917 as a base. 

3 The yields for the remaining months (columns 5 to 8) are dropped one space so as to coin- 
cide with the first month of the period. For example, bird 997 laid 161 eggs in the period from 
December to October; 161 in the period from January to October; 158 in the period from Feb- 
ruary to October, and so on. 
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for the remaining months. The seventh shows the deviations and the 
eighth the squares of the deviations of these predicted values from the 
actual record for the remaining months. 

Calculation blanks for each individual bird were made on this principle 
for each of the equations used. The labor of testing the equation has, 
therefore, been very heavy, involving the calculation of 29,465 predicted 
values and the summations of the errors and squares of errors of the devi- 
ations of these predicted records from their true value. 

The excessive arithmetical routine has been ably handled by Miss EpNnA 
M. Pecxuam, Miss Ipa M. PeckHam, Miss Rutu T. Crawson, and Miss 
KATHLEEN GAVIN of the Biometric Laboratory of the STATION FOR ExPERI- 
MENTAL EvoLuTion. We are indebted to Miss Epna K. Locxwoop for 
the diagrams, as well as for much assistance in the computations. 


TESTS OF EQUATIONS EMPLOYED 
Prediction of annual production from the record of one month 


Consider first of all the results of the attempts to predict the annual egg 
production of 415 White Leghorn birds observed at Storrs in 1917-1918 
from the records of a single month’s production. The equations based 
on the 1911 to 1917 experience are as follows: 


Month from which prediction is made Prediction equation 
November E = +143.186 + 2.914 e 
December E = +137.293 + 3.200 es 
January E = +138.271 + 3.308 e; 
February E = +118 .689 + 3.926 e& 
March E= +76.160 + 4.708 e; 
April E= +62.688 + 5.074 é 
May E= +58.009 + 4.883 e; 
June E= +59.977 + 4.818 es 
July E= +71.137 + 4.523 eg 
August E= +90.391 + 3.974 ew 
September E = +118.509 + 3.381 en 
October E = +141.470 + 3.429 ey 


These are in good general agreement with the equations for two of the 
years, 1913-1914 and 1914-1915, published in a former paper (Harris, 
BLAKESLEE and KIRKPATRICK 1918, page 33, table 5). The graphical 
tests for linearity of regression (Joc. cit., diagrams 2-5, p. 34-39) for these 
two years, indicate a fairly close approximation to linearity throughout 
the greater part of the range of variation of monthly egg production. A 
critical test of linearity presents some difficulties because of the concen- 


Genetics 6: My 1921 








276 HARRIS, KIRKPATRICK, BLAKESLEE, WARNER AND CARD 
tration of the bulk of the birds into a few of the classes, with the result 
that a rather large number of classes contain only a few birds each. A 
closer study of the fit of the regression line may, therefore, be deferred 
until more data are in hand. 

The results of the tests of accuracy of prediction in the 415 White Leg- 
horn birds of the 1917-1918 contest are given in tables 2 to 4. Since later 
TABLE 2 
Average deviation with regard to sign of predicted annual egg record from actual record. Prediction 


of annual production from one- and from two-months performance. Equations based on Siorrs 
experience, 1911 to 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 



































PREDICTION FROM ONE MONTH PREDICTION FROM TWO MONTHS DIFFER- 

— ee sald SEIS 42 ~ [DIFFERENCE | ENCE IN 
aa” Base of Actual —e Base of prediction Actual enw paviasiost | wl 
prediction {deviation teqtntton deviation deviation | | DEVIATION 

| November | +2.39, 1.52 | Nov. + Dec. | +1.16| 0.74 | +1.23 | +0.78 

|| December | —0.49| 0.31 | Nov. + Dec. | +1.16 0.74 | -—0.67 | —0.43 

|| December | —0.49) 0.31 | Dec. + Jan. | +1.15) 0.73 | -—0.66 | —0.42 

|| January | +2.58) 1.64 | Dec. + Jan. | +1.15| 0.73 | +1.43 | +0.91 

| January | +2.58) 1.64) Jan. + Feb. | +1.75) 1.11 | +0.83 | +0.53 

|| February | +0.06 0.04 | Jan. + Feb. | +1.75| 1.11] -—1.69 | —1.07 

\| February | +0.06| 0.04 | Feb. + Mar. | —1.22/ 0.77| —1.16 | —0.73 

|| March | —1.63! 1.03 | Feb. + Mar. | —1.22) 0.77| +0.41 | +0.26 

|| March | —1.63; 1.03 | Mar. + Apr. | —4.94) 3.13 | 3.31 | -2.30 

For the || April | —6.23| 3.95 | Mar. + Apr. | —4.94| 3.13 | +1.29 | +0.82 
wile }| April | —6.23| 3.95 | Apr. + May | +0.48) 0.30 | +5.75 | +3.65 
| May | +7.02| 4.45 | Apr. + May | +0.48) 0.30] +6.54 | +4.15 
year || May | +7.02| 4.45 | May + June | +0.82} 0.52 | +6.20| +3.93 
| June —5.21) 3.31 | May + June | +0.82! 0.52 | +4.39 | +2.79 

| June | —5.21| 3.31 | June + July —6.60| 4.19 | —1.39 | —0.88 

| July | —5.27| 3.34 | June + July | —6.60) 4.19| —1.33 | —0.85 

| July | —5.27| 3.34| July + Aug. | —3.81] 2.42| +1.46 | .+0.92 

| August | —0.82| 0.52 | July + Aug. | —3.81) 2.42| -—2.99 | —1.90 

| August | —0.82| 0.52 | Aug. + Sept. | +2.60; 1.65 | —1.78 | —1.13 

|| September | +4.78| 3.03 | Aug. + Sept. | +2.60) 1.65 | +2.18 | +1.38 

|| September | +4.78| 3.03 | Sept. + Oct. | +5.34) 3.39 | —0.56 | —0.36 

October +3.95) 2.51 | Sept.+ Oct. | +5.34) 3.39] -—1.39 | —0.88 





we shall have to compare the results for prediction from one month’s 
performance with that from two- and from three-months record it has been 
desirable to give the results side by side in the same table. The reader 
need not, therefore, concern himself with the values for prediction from 
two-months production until later. Since the errors of prediction of the 
annual record from each individual month must be compared with the 
results for prediction from the combined production of two months, the 
constants for the single months have been given in duplicate. 

















PREDICTING EGG PRODUCTION IN WHITE LEGHORNS 277 


The average errors with regard to sign are generally low, that for predic- 
tion from November and from January production gives on the average 
2.4 eggs too many for the year. For December, February, March and 
August the prediction is in error by less than 2 eggs. The values predicted 
from April, May, June, July, September and October records are about 
4 to 7 eggs in error. 

TABLE 3 
Average deviation without regard to sign of predicted annual egg record from actual record. Pre- 


diction of annual production from one- and from two-months performance. Equations based on 
Storrs experience, 1911 to 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 
































zi PREDICTION FROM ONE MONTH | PREDICTION FROM TWO MONTHS | DIFFER- 

v WHICH | pene | 
PREDICTION | “oe : | Percent- | | Percent- ACTUAL NT- 
ics | Pa lacvaton PR ae Base of prediction laeviation ldevietion | en entnalioes 

SS | | 

| November | 29.59 | 18:78 | Nov. + Dec. | 28.09 | 17.82 | +1.50| +0.96 

| December | 29.26 | 18.57 | Nov. + Dec. | 28.09 | 17.82 | +1.17 | +0.75 

|| December 29.26 | 18.57 | Dec. + Jan. | 27.23 17.28 +2.03 | +1.29 

| January | 30.09 | 19.09 | Dec. + Jan. | 24.23 17.28 +2 .86 | +1.81 

| January | 30.09 | 19.09 | Jan. + Feb. | 27.35 | 17.35 | +2.74 | +1.74 

February | 27.28 17.31 | Jan. + Feb. 27.35. | 17.35 | —0.07 | —0.04 

February | 27.28 | 17.31 | Feb. + Mar. | 25.04 | 15.80] +2.24| 41.42 

March 27.95 | 17.73 | Feb. ++ Mar. 25.04 15.89 +2.91 | +1.84 

| March 27.95 | 17.73 | Mar. + Apr. | 26.74 | 16.97 | 41.21 | +0.76 

oni Ve 28.72 | 18.22 | Mar. + Apr. | 26.74 | 16.97 | +1.98 | +1.25 

whee April 28.72 | 18.22 | Apr. + May | 26.68 16.93 | +2.04 | +1.29 

May 28.62 | 18.16 | Apr. + May | 26.68 | 16.93 | +1.94 | +1.23 

_— May 28.62 | 18.16 | May + June | 25.99 | 16.49 | +2.63 | +1.67 

June 29.03 | 18.42 | May + June | 25.99 | 16.49 | +3.04 | +1.93 

June 29.03 | 18.42 | June + July | 26.17 | 16.61 | +2.86 | 41.81 

July 28.35 | 17.99 | June + July | 26.17 | 16.61) +2.18 | +1.38 

July 28.35 | 17.99 | July + Aug. | 24.88 15.79 | +3.47 | +2.20 

August | 26.87 | 17.05 | July + Aug. | 24.88 | 15.79 | +1.99 | +1.26 

August | 26.87 | 17.05 | Aug. + Sept. 23.18 14.71 | +3.69 | 42.34 

eee 24.78 15.72 | Aug. + Sept. | 23.18 | 14.71 | +1.60 |) +1.01 

| September | 24.78 | 15.72 | Sept. + Oct. | 23.93 | 15.18 | +0.85 | +0.54 

| October | 27.37 | 17.37 | Sept. + Oct. | 23.93 | 15.18 | +3.44 | +2.19 








~The average deviations without regard to sign are of course much larger 
since they constitute a measure of the error of prediction of the records 
of individual birds. They range from 24.8 to 30.1 eggs. The significance 
of errors of this magnitude will be more clearly brought out later. 

The square root of mean square deviation also shows considerable 
regularity from month to month. These measures are naturally consider- 
ably larger than the average deviation without regard to sign. They 
range from 32.9 to 38.8 eggs. 
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It is clear that the annual egg production of birds similar in origin to 
the series upon which the prediction equations were based and maintained 
under similar conditions may be predicted with a relatively high degree 
of accuracy providing their record for any month is definitely known. 

The accuracy with which prediction may be made will be clear if the 
errors of prediction are expressed in terms of the actual average annual 
production of the group of birds upon which the test is made. 


x 


TABLE 4 
Square root of mean square deviation of predicted annual egg record from actual record. Prediction 
of annual production from one- and from two-months performance. Equations based on Storrs 
experience, 1911 to 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 





| DIFFER- 


PREDICTION FROM ONE MONTH | 
DIFFERENCE| ENCE IN 


| 
PERIOD FOR PREDICTION FROM TWO MONTHS 























WHICH | | l | IN ACTUAL | PERCENT- 
PREDICTION | sain Poor Percent- Percent- | 

ISMADE | prediction ase aevition | Base of prediction |geySation | aeton| Pen | pe MIATION 

| November | 38.65 | 24.52 | Nov. + Dec. | 36.46 | 23.13 +2.19 +1.39 

| December | 37.61 | 23.86 | Nov. + Dec. | 36.46 | 23.13 +1.15 +0.73 

| December | 37.61 | 23.86 | Dec. + Jan. | 35.50 | 22.53 | +2.11 +1.33 

| January 38.77 | 24.60 | Dec. + Jan. | 35.50 | 22.53 +3.27 | +2.07 

January | 38.77 | 24.60 | Jan. + Feb. | 34.32 | 21.78 | +4.45 +2.82 

February 3 70 | 22.02 | Jan. + Feb. | 34.32 | 21.78 | +0.38 | +0.24 

| February | 34 .70 | 22.02 | Feb. + Mar. | 31.32 | 19.87 +3.38 | +2.15 

March | 34.28 | 21.75 | Feb. + Mar. | 31.32 | 19.87 | +2.96 | +1.88 

March 34.28 | 21.75 | Mar. + Apr. | 32.89 | 20.87 | +1.39 | +0.88 

For the April 35.31 | 22.40 | Mar. + Apr. | 32.89 | 20.87 |. +2.42 | +1.53 

Silla April 35.31 | 22.40 | Apr. + May | 32.76 | 20.79 | +2.55 | +1.61 

} May | 35.89 | 22.77 | Apr. + May | 32.76 | 20.79 | +3.13 | +1.98 

year || May | 35.89 | 22.77 | May + June | 32.53 | 20.64] +3.36 | +2.13 

| June | 36.53 | 23.18 | May + June | 32.53 | 20.64) +4.00 | +2.54 

| June | 36.53 | 23.18 | June + July 33.00 | 20.94 +3.53 | +2.24 

July | 35.89 | 22.77 | June + July | 33.00 | 20.94 | +2.89 | +1.83 

| July | 35.89 | 22.77 | July + Aug. | 31.83 | 20.20} +4.06 | +2.57 

| August 34.34 | 21.79 | July + Aug. | 31.83 | 20.20 +2.51 +1.59 

| August 34.34 | 21.79 | Aug. + Sept. 30.39 | 19.28 | +3.95 +2.51 

} September | 32.94 | 20.90 | Aug. + Sept. | 30.39 | 19.28 +2.55 | +1.62 

| September | 32.94 | 20.90 | Sept. + Oct. | 32.74 | 20.77 | +0.20 | +0.13 

| October 36.47 | 23.14 | Sept. + Oct. | 32.74 | 20.77 | +3.73 | +2.37 














Remembering that the average annual production of the 415 test birds 
is 157.573 eggs, we use this as a base to determine the percentage errors 
for the equations for each month. These are given in columns with the 
caption “‘percentage deviation”’ in the tables. 

We note that in predicting from December, February and August 
record the average error with regard to sign is less than one percent of the 
average annual yield of the flock. In predicting from November, January 
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and March the error lies between one and two percent. When April, 
May, June, July, September and October records are used as a basis the 
average errors of prediction are about 2.50 to 4.50 percent of the average 
annual yield. 

The average deviations without regard to sign are less than 20 percent 
of the annual production. The values for the individual months range 
from 15.7 for September to 19.1 for January. 

The square root of mean square deviations are less than 25 percent of 
the average annual production. The individual values range from 20.9 
for September to 24.6 for January. 

These two latter tests may at first seem to indicate very unsatisfactory 
prediction. Such, however, is not the case. These give the average 
errors either above or below the true record made in the prediction of the results 
for an individual bird. The thing which is required in practice is generally 
the prediction for a group of birds of a particular class. In a flock of 415 
birds this has been shown above to be possible with an error of less than 5 
percent of the actual production for any month of the year and less than one 
percent for a number of the months. 

The closeness of prediction may be made clear by a set of diagrams. 

In these the estimated production is shown by the straight line. The 
actual average production for the year or for the group of remaining months 
for which prediction is made is shown by solid dots for each group of birds 
as classified by monthly record. The shaded areas are determined as 
follows. The birds were first grouped into classes of five-eggs range with 
respect to number of eggs laid during the period of time used as a basis 
of prediction. The birds of these classes of five-eggs range were further 
subdivided into those in which actual egg production was greater than the 
predicted and those in which the actual number was less than the predicted 
number.‘ The average error of prediction was determined for each of 
these groups, and these averages represent the upper and the lower limits 
of the shaded areas. The upper limit represents, therefore, the average 
deviation (for the period for which prediction is made) of all birds which 
make a higher record than that predicted for their class. The lower limit 


4 A range of five eggs was used in order to obtain a number of birds sufficiently large to reduce 
somewhat the irregularities due to the errors of random sampling. The errors of prediction were 
in each case determined for classes of unit range. Grouping is used forgraphic representation 
merely. The average deviations represented by the limits of the shaded zone are to be thought 
of as measured from a line perpendicular to the ordinates and intersecting the prediction line 
on the mid-ordinate of the 5-egg class. 
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of the shaded area marks the average deviation for all birds which show 
an egg record lower than that predicted. 

The graphs representing the prediction of annual production from 
the individual-months production appear in diagram 1 for the first six 
months of the year and in diagram 2 for the last half of the year. 
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D1aGRAM 1.—Tests of prediction of annual production from single-month records. Montt. 
of November to April. For explanation see text. 


Notwithstanding the irregularities which are inevitable in graphs based 
on such a highly variable character as annual egg production in a flock 
of only 415 birds, the most critical reader must admit that the prediction 
is excellent. 
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Prediction of the production of a group of remaining months from the record 
of any month 


As noted above (pages 266-268) the worker may desire to predict either 
the total egg production for the year or the egg production for a group 
of subsequent months of the year. 
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DracGram 2.—Tests of prediction of annual production from single-month records. Tests 
for May to October. 


In general the requirement will probably be the prediction of the total 
egg production of the remaining months of the year. Since, however, it 
is necessary to deal with other groups later, the errors of prediction of (a) 
the total egg production of the months of the year subsequent to the pth 
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month, where # is the base of prediction and of (b) the months of the year 
subsequent to the ( + 1)th month will be considered in this place.* 
The equations required are as follows: 


—_ tage! 7 ae ee Period for which prediction is made Prediction equation 
November December to October Ex, = +143.186 + 1.914 e, 
November January to October Eyo = +139.262 + 1.403 e, 
December January to October Exo = +134.491 + 1.835 e2 
December February to October Ey = +131.461 + 1.373 « 
January February to October Ey = +130.997 + 1.564 e; 
January March to October Es = +123.011 + 1.215 es 
February March to October Es = +109.824 + 2.035 e 
February April to October E; = +96.619 + 1.614 e, 
March April to October E; = +69.966 + 2.471 e; 
March May to October Es = +60.338 + 1.932 e: 
April May to October Es = +46.490 + 2.523 eg 
April June to October E; = +39.849 + 1.786 eg 
May June to October E; = +27.639 + 2.233 e; 
May July to October Ey = +20.623 + 1.581 e; 
June July to October Ey = +13.895 + 1.920 es 
June August to October E; = +8.740+ 1.228 es 
July August to October E; = +6.049+ 1.440 e, 
July September to October EF, = +2.323+ 0.746 es 
August September to October EF, = +0.724+ 0.935 eo 
August October E, = +0.407 + 0.264 eyo 
September October Ei = —0.726+ 0.480 ey 


The test of accuracy of prediction of these equations when applied to 
the 415 White Leghorns of 1917-1918 is given in comparison with the 
results for the prediction from two-months production (to be discussed 
later) in tables 5 to 7. 

Limiting our attention for the moment to the errors of predicting the 
production of the months of the year remaining after any given month 
used as a basis of prediction, we note that in general the average deviations 


5 In the comparison between the egg production of a period of two months and the egg pro- 
duction of a single month as a basis of prediction, it is necessary to base critical comparisons upon 
the results of predictions of the records of periods subsequent to the two months under consid- 
eration. Concretely, if we are to compare November-plus-December record with November 
record and with December record as bases for the prediction of the annual production, the two- 
month period will contribute more to the annual record than either of the two months individually 
considered. Neither will contribute to the January-to-October production. We must, there- 
fore, in testing prediction equations, base the test upon the results secured in predicting January- 
to-October egg record. 

For this purpose we must have equations which show the relation between the egg record of 
the individual months and the egg record of groups of remaining months. For example, we 
require for’ November the January-to-October production; for December, the February-to- 
October production; for January, the March-to-October production and so on. Fer conven- 
ience merely the equations are given here in comparison with the other one-month equations. 
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286 HARRIS, KIRKPATRICK, BLAKESLEE, WARNER AND CARD 
with regard to sign are small. No one of the errors is over 4 eggs. The 
percentage values, in which the actual average yields of the remaining 
months in question are used as bases, range from 0.2 for the prediction of 
January-to-October production from December production to 13.6 percent 
in the case of the prediction of September-to-October production from the 
August record. The average deviations without regard to sign range from 
4.6 to 29.6 eggs. The percentage values range from 18.7 to 77.9 percent 
of the actual production for the given remaining period. 
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DraGraM 3.—Tests of prediction of production for a group of remaining months from single- 
month records. Tests for November to April. For explanation see text. 


The square root of mean square deviations vary from 5.7 to 38.7 eggs, 
or from 23.9 to 97.3 percent of the actual yield. 

The values of the average deviation without regard to sign and of 
square root of mean square deviation decrease from the earlier to the later 
months. This is, of course, due to the fact that in predicting the egg 
record of the remaining months of the year the total record decreases as 
the number of remaining months becomes smaller. It is to be expected 
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Dracram 4.—Tests of prediction of the production of a group of remaining months from single- 
month production. Tests for May to September. 
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therefore, that the absolute error of prediction will be smaller than when 
the prediction is made for a longer period. ‘The relative errors of prediction 
are conspicuously larger than those found when the prediction is made 
for the year as a whole. Furthermore, these relative (percentage) errors 
increase as the period for which prediction is made becomes shorter. The 
test shows clearly that prediction of the results of short remaining periods 
cannot be made,—at least by means of the linear equations for prediction 
from one month’s record tested in this paper,—with a satisfactory degree 
of accuracy. 

When prediction is made for the period subsequent to the (p + 1)th 
month the average deviations with regard to sign vary from 0.56 to 3.32 
or from 0.50 to 18.74 percent of the actual production for the period. The 
average deviations without regard to sign vary from 28.47 eggs for the 
prediction of January-to-October production from November production 
to 5.67 eggs for the prediction of October production from August record. 
The percentage values range from 19.38 to 96.59 percent. Similar results 
are found in the case of the square root of mean square deviation which 
ranges from 37.05 eggs for the prediction of January-to-October production 
from November record to 6.92 eggs for the prediction of October produc- 
tion from August record. The percentage values range from 25.2 to 117.8 
percent of the actual records. 

The graphic representation of the errors of the prediction of the remaining 
months of the year is made in diagrams 3 and 4. 

The slope of the lines and the moderate narrowness of the shaded areas 
as well as the fair agreement of the empirical and the predicted means for 
the remaining periods, evidence for fairly satisfactory prediction for the 
first six months of the year. As the end of the year is approached and 
as the period of remaining months becomes shorter the slopes of the lines 
are more moderate. The narrowness of the shaded areas, representing 
the difference between the averages of the errors of over-prediction and 
under-prediction, does not indicate great accuracy of prediction as com- 
pared with that attainable in the earlier months, but merely that (because 
of the smaller egg record made by birds in the latter months of the year) 
great deviations from prediction are improbable. It is evident, therefore, 
that for the prediction of the record of the later months of the year from 
the record of immediately preceding months the equations have relatively 
little value. 

It is quite clear that while the prediction of a group of remaining months 
may be made with a relatively high degree of accuracy early in the year, 
the predictions are relatively poor toward the end of the year. 
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Prediciion of annual production from the sum of two monthly records 


Before considering the results of equations for the prediction of annual 
production from the combined record of two or more months, some general 
questions of theory must be considered. 

If the egg production of each individual month be correlated with that 
of the whole year it would seem that a better prediction of the annual 
total may be made from the record of two or more individual monthly 
records than from one month’s record only. This is a point emphasized 
by Carp (1917) who has correlated the total production of groups of 
months with the annual yield. 

There are several points to be taken into consideration here. First, 
it should be clear that the superiority of a group of months for predicting 
the annual yield of a bird is to a considerable extent due to the fact that 
the records of these months are included in the annual total. ‘Thus in 
predicting annual total from November performance, the November record 
is included in the annual total. In predicting from November, December 
and January production the records of these three months are included 
in the annual total. As far as their own contribution is concerned, predic- 
tion can be made with absolute certainty. The importance of this factor 
would be especially great during the spring months when the number of 
eggs laid by practically all birds is high. If the principle of an increase 
in the number of months upon which prediction is to be based be extended 
to its limit, it is clear that the annual total can be predicted with exactness 
from the record of twelve months. The importance of this factor was 
fully recognized in our second publicaticn (HARRIS, BLAKESLEE and Kirk- 
PATRICK 1918), in which we determined the correlation between the pro- 
duction of each individual month and that of the remaining eleven months 
of the year, as well as that between the production of the individual months 
and the annual record. 

It is evident that it is impossible to compare directly and critically the 
errors made in predicting annual egg production from two-month periods 
and from single-month periods; in one case a single component only is 
included in the first and second variable of the pair whereas in the second 
case two components are involved. The problem of a direct comparison 
will be taken up in a subsequent section. 

Second, from the economic standpoint it is clear that trap-nesting for 
two months or three months is (disregarding initial investment) twice 
or three times as expensive as trap-nesting for one month. In general 
it is important to utilize the shortest practicable period on which predic- 
tion may be based. 
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Third, the mathematical theory of multiple correlation shows that in 
dealing with correlated characters the gain in accuracy of prediction rapidly 
decreases with the number of characters employed. In our first detailed 
treatment of the problem of the correlation between the egg records of 
the individual months we showed by the constants for a series of selected 
months that the egg records of the individual months are correlated among 
themselves. This has since been demonstrated for the entire series of 
4 n(n — 1) = 66 different combinations of the 12 months of the pullet 
year. It is evident, therefore, that very large gains in accuracy of pre- 
diction cannot be expected to result from an increase in the number of 
periods, except in so far as the gain is due directly to the contribution of 
the months included. 

We now turn to the results of the test of equations for the prediction 
of annual record from two-consecutive-months production. The equa- 
tions are as follows: 


Months from which prediction is made Prediction equation 
November and December E = +132.887 + 2.160 (e, + e) 
December and January E = +130.822 + 2.176 (e2 + ¢;) 
January and February E = +146.040 + 2.579 (e3 + e) 
February and March E= +78.008 + 2.915 (e, + es) 
March and April E= +48.374 + 3.029 (e; + e) 
April and May E= +39.955 + 3.005 (e. + e7) 
May and June E= +32.783 + 3.065 (er + es) 
June and July E= +44.650 + 2.864 (es + eg) 
July and August E= +62.861 + 2.625 (e9 + e10) 
August and September E= +91.865 + 2.302 (e:0 + en) 
September and October E = +122.597 + 2.140 (e:; + e12) 


Since a primary object of the present analyses is a comparison of equa- 
tions based on two-months production with those based on a single month’s 
record as a means of predicting the annual egg record of a bird, it is advan- 
tageous to place the results for the two methods side by side in the same 
tables. The results are given in tables 2 to 4.° 

Table 2 shows the average errors with regard to sign of the egg records 
of the 415 White Leghorns studied at Storrs in 1917-1918, when prediction 
is made from two-months production using equations based on the Storrs 
experience of the preceding six years. 

The average deviations with regard to sign are small. In 7 cases the 
equations have predicted values which are too large, whereas in 4 cases 
they have predicted values which are too small. The individual errors 


®Tt has seemed conducive to clearness to duplicate entries in order to secure the 22 differ- 
ences which serve as a basis of comparison. 
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are very small. Two are less than 1 egg, 4 are less than 2 eggs, while 5 
are from 2 to 7 eggs. The percentage errors based on the mean annual 
production are less than 1 percent in 5 of the cases and less than 5 percent 
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D1aGRAM 5.—Tests of prediction of annual production from combined record of two consecu- 
tive months. For explanation see text. Tests for November to February. 


in the other 6 cases. The average error in actual number of eggs, dis- 
regarding the sign of the error, is 2.72 eggs while the average of percentage 
errors is 1.72 percent. 

It seems unnecessary to discuss in detail the average deviations without 
regard to sign, of the predicted from the observed annual egg production. 
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The errors, shown in table 3, range from 23.2 to 28.1 eggs or from 14.7 | 
to 17.8 percent. 

Similar results for the square root of mean square deviation are given 
in table 4 which shows that prediction from the sum of two-consecutive- 
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Diacram 6.—Tests of prediction of annual production from the combined record of two 
consecutive months. Tests of February-to-May production. 


months production gives a square root of mean square deviation ranging 
from 30.4 to 36.5 eggs or from 19.3 to 23.1 percent of the annual production. 

Thus it is clear that the annual egg record of a bird may be predicted 
with a high degree of accuracy from the combined egg record of any two 
consecutive months. 
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These results may be represented graphically by diagrams 5-8, which 
have been prepared on the same principle as those for the results of predic- 
tion from a single month’s production. The general excellence of the agree- 
ment (considering the fact that there are only 415 birds upon which equa- 
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D1acGraM 7.—Tests of the prediction of annual production from the combined. record of two 
consecutive months. Tests for May to August. 


tions based upon an entirely different series are being tested) renders 
detailed discussion of these diagrams superfluous. 

The most interesting feature of these tables is, however, the comparison 
between the value of two-months observation and of single-month obser- 
vation as bases for the estimation of the total (annual) egg-producing 
capacity of the organism. 
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The differences in the average deviations with regard to sign, as shown 
in the first of the two final columns of table 2, range from less than a single 
egg (5 comparisons) to a maximum of less than 7 eggs. The average 
difference is 2.21 eggs. If signs be considered the average difference is 
only + 0.67 eggs. The differences in the percentage deviation when predic- 
tion is made by single- and by two-month periods are shown in the final 
column of the table. 
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D1acram 8.—Tests of prediction of annual production from the combined record of two con- 
secutive months. Tests of August to October. 


It is clear from these results that the results of prediction from two- 
months production are not materially better from the practical stand- 
point than those for single-month’s production although the labor entailed 
in recording the performance of a bird for two months must be approxi- 
mately twice as great as that for a single month. 

The reader who cares to do so may verify these statements by a study 
of the results for average deviation without regard to sign and for square 
root of mean square deviation as shown in the two final columns of tables 
3 and 4. 
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Prediction of the production of a group of remaining months from the sum of 
wo monthly records 


We now have to consider the problem of the accuracy with which the 
egg production of a group of subsequent months may be predicted from 
the sum of two consecutive monthly records. 

The equations are the following: 


Period aoe * — prediction Period fet ieee Snenee Prediction equation 
November and December January to October E = +132.887 + 1.160 (e, + e) 
December and January February to October E = +128.112 + 0.979 (e. + es) 
January and February March to October E = +124.959 + 0.336 (es; + e) 
February and March April to October E= +76.542 + 1.320 (e, + es) 
March and April May to October E= +44.586 + 1.363 (e; + ¢s) 
April and May June to October E= +25.022 + 1.231 (e. + ez) 
May and June July to October E= +7.280+ 1.118 (er + es) 
June and July August to October E +0.994 + 0.827 (es + eg) 
July and August September to October E —7.281 + 0.660 (e9 + e10) 
August and September October E= —2.137 + 0.245 (e1:0 + en) 


The results appear in the second section of tables 5 to 7. Here they are 
laid beside the errors obtained for the prediction of the production of these 
same periods from the record of the two months individually considered, 
as given by the equations shown on page 282. 

Table 5, giving the average deviation with regard to sign of the predicted 
from the observed values, shows that the actual deviations have a numerical 
range of 0.05 to 3.73 eggs or from 0.04 to 17.6 percent. The largest relative 
(percentage) deviations are, of course, in the final months of the year. 

The average deviations without regard to sign appear in the second 
column of table 6. These vary from as low as 5.13 eggs in October to 28.09 
eggs for the period January to October. Since the average production 
decreases as the number of remaining months becomes smaller we find 
the largest percentage errors in the later groups of months. These per- 
centage values range from 18.9 for the period February to October to 87.4 
for the month of October. Similar results with somewhat different numeri- 
cal values are found in table 7 which shows the square root of mean square 
deviation of the predicted from the observed values. 

These results show that when the number of remaining months is large, 
prediction of egg production can be made with relatively high accuracy 
from the combined record of two months. As the number of months 
becomes smaller the error of prediction is, as compared with the average 
production, relatively large. 
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Turning now to the problem of the comparison of periods of one month 
and of two months as bases of prediction, and testing the efficiency of 
these two periods on the egg production of comparable remaining periods 
of time, we note that the differences in the two final columns of tables 5 
to 7, expressed either in number of eggs or in percentages of the total 
production, are small. Thus the differences for the average deviation 
with regard to sign are all less than 3 eggs and all less than 6 percent. 
Most of the differences are far smaller than this. In some cases the predic- 
tion from a single month gives the better result; in others prediction from 
two months gives the better result. The differences in the errors without 
regard to sign as obtained by the two methods are even smaller. No 
difference amounts to as much as a single egg per year. The large differ- 
ences in the percentage errors by the two methods are found exclusively 
in the later months of the year where the total production is low. Com- 
parable, but numerically somewhat different, results are found for the 
square root of mean square deviation. 

Thus it is clear that there is little practical difference between single- 
month and two-months production as bases of the prediction of the egg 
record of a subsequent period. 


Prediction of annual production from the sum of three monthly records 


The equations required for the prediction of annual production from 
the combined record of three consecutive months are the following: 


Months from which prediction is made Prediction equation 
November, December and January E = +126.742 + 1.770 (e, + e + e3) 
December, January and February f = +113.940 + 1.951 (e2 +e; + e&) 


January, February and March 
February, March and April 
March, April and May 

April, May and June 

May, June and July 

June, July and August 

July, August and September 
August, September and October 


i 
-f 
& 


.129 + 2.266 (e3 + & + 65) 
.502 + 2.323 (eg + es + e) 
.450 + 2.267 (és + & + ez) 
349 + 2.324 (es + 7 + es) 
3.786 + 2.233 (er + es + es) 
.079 + 2.065 (es: + e9 + e10) 
.078 + 1.895 (e9 + e10 + en) 
+97 .699 + 1.794 (e10 + e11 + ey) 
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The second section of table 8 shows the average deviation with regard 
to sign of the annual egg production predicted from the combined record 
of 3 consecutive months from the performance of the 415 White Leghorn 
birds studied at Storrs in 1917-1918. 

The results show that the trimonthly totals, like the monthly records 
and bimonthly totals considered in preceding sections, give excellent predic- 
tions. December to February, January to March, March to May, and 
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July to September give average errors of prediction of less than 1 egg. 

November to January, April to June, and May to July give errors of predic- 

tion of between 2 and 3 eggs. August to October gives an error of predic- 
TABLE 8 

Average deviation with regard to sign of predicted annual egg record from actual record. Prediction 


of annual production from one- and from three-months performance. Equations based on Storrs 
experience, 1911 to 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 


























PERIOD FOR | PREDICTION nie Boos INTH PREDICTION FROM THREE ai on ENcr tx 
PREDICTION | .1 | Percent- Percent-| ~~ * poy | — 
ISMADE | prediction deviation atte. | Base of prediction laeviation devitton | i eri | Deviation 
| November | +2.39] 1.52} Nov—Jan. | +2.09] 1.33] +0.30| +0.19 
December | —0.49, 0.31 | Nov—Jan. | +2.09} 1.33 | —1.60 | —1.02 

January | +2.58/ 1.64| Nov—Jan. | +2.09) 1.33] +0.49| +0.31 

| December | —0.49 0.31 | Dec.-Feb. | +0.78) 0.49| —0.29 | —0.18 
January | +2.58| 1.64] Dec.-Feb. | +0.78) 0.49) 41.80 | 41.15 

February | +0.06) 0.04 Dec.-Feb. | +9.78) 0.49 —0.72 | —0.45 

January | +2.58} 1.64| Jan.—Mar. | +0.49| 0.31 | +2.09 | +1.33 

| February | +0.06 0.04 | Jan.-Mar. | +0.49| 0.31 | —0.43 | —0.27 

| March | —1.63) 1.03) Jan.—Mar. | +0.49| 0.31] 41.14] 40.72 

| February | +0.06) 0.04| Feb.-Apr. | —4.07) 2.58 | —4.01 | —2.54 

| March | —1.63} 1.03 | Feb.-Apr. | —4.07| 2.58| —2.44 | —1.55 

April | —6.23, 3.95 | Feb.-Apr. | —4.07| 2.58 | 42.16 | +1.37 

March —1.63) 1.03 Mar.—May —0.73;| 0.46 +0.90 | +0.57 

west April | —6.23) 3.95 | Mar-May | —0.73| 0.46] +5.50 | +3.49 
whole (| May | +7.02| 4.45 | Mar-May | —0.73) 0.46] +6.29 | +3.99 
April |} —6.23) 3.95 | Apr.—June | —2.31) 1.47 +3.92 | +2.48 

year || May +7.02} 4.45| Apr.-June | —2.31] 1.47] 44.71 | +2.98 
| June | 5.21} 3.31| Apr.-June | —2.31| 1.47 | +2.90 | +1.84 

| May | +7.02|} 4.45| May-July | —2.12) 1.35] +4.90 | +3.10 

June | —5.21) 3.31 | May-July —2.12) 1.35 | +3.09 | +1.96 

July | —5.27| 3.34| May-July | —2.12} 1.35] +3.15 | +1.99 

| June | —5.21) 3.31 | June—Aug. —5.35} 3.39 | -—0.14 | —0.08 

July —5.27| 3.34 | June-Aug. | —5.35) 3.39 | -—0.08 | —0.05 

August | —0.82} 0.52 | June—Aug. | —5.35) 3.39 | —4.53 | —2.87 

July | —5.27| 3.34 | July-Sept. | —0.20; 0.13] +5.07 | +3.21 

August —0.82) -0.52 July —Sept. —0.20} 0.13 | +0.62 +0.39 
September | +4.78} 3.03 | July-Sept. | —0.20) 0.13 | +4.58 | +2.90 

August | —0.82} 0.52 | Aug.-Oct. | +3.91) 2.48 | —3.09 | —1.96 
September | -+4.78) 3.03 | Aug.-Oct. | +3.91) 2.48 | +0.87 +0.55 

October | +3.95| 2.51 | Aug.-Oct. | +3.91] 2.48 | +0.04 | +0.03 








tion of between 3 and 4 eggs. February to April gives an error of prediction 
of between 4 and 5 eggs. Finally June to August gives an error of predic- 
tion of between 5 and 6 eggs. 

Considered in their relation to.the average atnual production these 
values range from 0.13 to 3.39 percent. These results certainly show 
remarkable accuracy of prediction. 
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For the | 
whole 
year 


considered in detail. 
13.6 to 16.5 percent of the annual total. 


TABLE 9 
Average deviation without regard to sign of predicted annual egg record from actual record. 
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diction of annual production from one- and from three-months performance. 
on Storrs experience, 1911 10 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 





PREDICTION FROM ONE MONTH 





Base of 
prediction 


Actual 
deviation 


1 


November | 29.59 


December 
January 
December 
January 
February 
January 
February 
March 
February 
March 


April 


March 


April 
May 


| April 


May 
June 
May 
June 
July 
June 
July 


August 


July 


August 
September | 
August 
September 
October 
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18.7 
29.26 | 18.57 
30.09 | 19.09 
29.26 | 18.57 
30.09 | 19.09 | 
97.28. | 17.31 
30.09 | 19.09 | 
7.28 | 17.31 
7.95 | 17.73 
1.28) 
7.95 | 17. 
8.72 | 18.2 
7.95 | 17.7 
S72 | 28.2 
8.62 | 18.1 
8.72 | 18.2 
8.62 | 18.1 
9.03 | 18.4 
8.62 | 18.1 
.03 | 18.4 
8.35 | 17.99 
9.03 | 18.42 
8.35 | 17.99 
6.87 | 17.05 
8.35 | 17 
6.87 | 17.0 
4.78 | 15.7 
6.87 | 17. 
4.78 | 15 
7.37 | 17.3 
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PREDICTION FROM THREE MONTHS 


Base of prediction 


Nov.—Jan 
Nov.—Jan. 
Nov.—Jan. 


Dec.—Feb. 
Dec.—Feb. 
Dec.—Feb. 


Jan. —Mar. 
Jan. —Mar. 
Jan. —Mar. 


Feb. —Apr. 
Feb. —Apr. 
Feb. —Apr. 
Mar.—May 
Mar.—May 
Mar.—May 


Apr. —June 
Apr.—June 
Apr.—June 


May-July 
May-July 
May-July 
June—Aug. 
June—Aug. 
June—Aug. 


July —Sept. 
July —Sept. 
July —Sept. 


Aug.—Oct. 
Aug.—Oct. 
Aug.—Oct. 
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The average errors without regard to sign, given in table 9 need not be 
They range from 21.4 to 25.9 eggs per year or from 


Pre- 


Equations based 


DIFFER- 
ENCE IN 
PERCENT- 
AGE 
DEVIATION 





.93 | 16.45 
.93 | 16.45 | 
.93 | 16.45 
31 | 16.06 
.31 | 16.06 
31 | 16.06 
.29 | 16.05 
29 | 16.05 
29 | 16.05 
.16 | 15.33 
.16 | 15.33 | 
16 | 15.33 
42 | 16.13 
42 | 16.13 
42 | 16.13 
.33 | 15.44 
.33 | 15.44 
33 | 15.44 
.20 | 15.36 
.20 | 15.36 
.20 | 15.36 
49 | 14.90 
.49 | 14.90 | 
.49 | 14.90 
36 | 13.5 
36 | 13.5 
36 | 13.5 
59 | 13.7 
59 | 13.7 
.59 | 13.7 
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33 
12 
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.02 
3.67 










to sign. 


The square root of mean square deviation of 
in table 10 are, of course, larger than the average deviations without regard 
They vary from 28.1 to 33.8 eggs or from 17.8 to 21.5 percent of 
the annual production. 


errors of prediction given 
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The range of variation in the egg production of three-month periods is 
so wide that it is impossible because of the limitations of space to represent 
the errors of prediction from three-month periods graphically for each of 
the equations. 


TABLE 10 
Square root of mean square deviation of predicted annual egg record from actual record. Prediction 
of annual production from one- and from three-months performance. Equations based on Storrs 
experience, 1911 to 1917. Test of equations on 415 White Leghorns, Storrs, 1917-1918. 




















‘ PREDICTION FROM ONE MONTH PREDICTION FROM THREE MONTHS DIFFER- 
~~ : a DIFFERENCE | ENCE IN 
rs Base of | Actual — Sasecl credictinn | Actual ow vovaten ACE 

prediction [deviation RE 7 ER deviation deviation | DEVIATION 
November | 38.65 | 24.52 | Nov—Jan. | 33.84 | 21.47} +4.81 | +3.05 
December | 37.61 | 23.86 | Nov—Jan. | 33.84 | 21.47 | +3.77 | +2.39 

January 38.77 | 24.60 | Nov.—Jan. 33.84 | 21.47 | +4.93 | +3.13 

| December 37.61 | 23.86 Dec.—Feb. 32.65 | 20.72 +4.96 +3.14 

| January | 38.77 | 24.60 | Dec.—Feb. 32.65 | 20.72 +6.12 | +3.88 

| February 34.70 | 22.02 | Dec.—Feb. 32.65 | 20.72 | +2.05 | +1.30 

| January | 38.77 | 24.60 | Jan. —Mar. 31.58 | 20.04 +7.19 | +4.56 

| February 34.70 | 22.02 | Jan. —Mar. 31.58 | 20.04 | +3.12 | +1.98 

March 34.28 | 21.75 | Jan. —Mar. 31.58 | 20.04 | +2.70 | +1.71 

| February | 34.70 | 22.02 | Feb.—Apr. 29.77 | 18.89 | +4.93 | +3.13 

March 34.28 | 21.75 Feb —Apr. 29.77 | 18.89 +4.51 | +2.86 

| April | 35.31 | 22.40 | Feb.-Apr. 29.77 | 18.89 | +5.54 | +3.51 

| March 34.28 | 21.75 | Mar—May 31.14 | 19.76 | +3.14 | +1.99 
—: | April 35.31 | 22.40 | Mar—May | 31.14 | 19.76 | +4.17 | +2.64 
whole ¢| May 35.89 | 22.77 | Mar—May 31.14 | 19.76 | +4.75 | +3.02 
e5; | April 35.31 | 22.40 | Apr.—June | 30.59 | 19.41 | +4.72 | +2.99 
ined May 35.89 | 22.77 | Apr.-June | 30.59 | 19.41| +5.30 | +3.36 
June 36.53 | 23.18 | Apr.-June | 30.59 | 19.41 | +5.94 | +3.77 

May 35.89 | 22.77 May-July | 29.40 | 18.65 | +6.49 | +4.12 

June 36.53 | 23.18 | May-July 29.40 | 18.65 | +7.13 | +4.53 

| July 35.89 | 22.77 | May-July | 29.40 | 18.65 | +6.49 | +4.1 

| June 36.53 | 23.18 June-Aug. | 29.80 | 18.91 | +6.73 | +4.27 

| July 35.89 | 22.77 | June-Aug. | 29.80 | 18.91 +6.09 | +3.86 

August 34.34 | 21.79 | June-Aug. | 29.80] 18.91 | +4.54 | +2.88 

July | 35.89 | 22.77 July —Sept. 28.10 | 17.83 +7.79 +4.94 

|| August | 34.34 | 21.79 | July —Sept. 28.10 | 17.83 +6.24 | +3.96 
September | 32.94 | 20.90 | July Sept. 28.10 | 17.83 +4.84 +3 :07 
August | 34.34 | 21.79 | Aug.—Oct. | 29.23 | 18.55 | +5.11 | +3.24 
September | 32.94 | 20.90 | Aug.—Oct. | 29.23 | 18.55 | +3.71 | +2.35 

October 36.47 | 23.14 | Aug.—Oct. | 29.23 | 18.55 | +7.24 | +4.59 





Two series, that for November to January and for March to May, have 
been selected at random to represent the goodness of fit of prediction in 
these cases. The results for prediction from November to January record 
are shown in diagram 9. Those for prediction from March to May pro- 
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DIAGRAM 9.—Tests of the prediction of annual production (upper figure) and of the pro- 
duction of a group of remaining months (lower figure) from the combined record of three con- 
secutive months. Tests for the period November to January. 
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Dracram 10.—Tests of the prediction of annual production (upper figure) and of the produc- 
tion of a group of remaining months (lower figure) from the combined record of three consecu- 
tive months. Tests for the period March to May. 
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duction are shown in diagram 10. In both cases the upper figure represents 
the prediction of annual production. The lower figure shows the prediction 
of the groups of remaining months and will be discussed in a subsequent 
section. 

After the discussion of the preceding diagrams these graphs are self- 
explanatory. 

When these results are compared, as in the last two columns of the tables, 
with those for prediction from a single one of the three months the differ- 
ences are surprisingly small. For example the most important test,—that 
of the average deviation with regard to sign,—shows that 11 of the 30 
differences are less than 1 egg per year; 3 are less than 2 eggs per year; 
while 16 are 2 eggs or more per year. In no case is the difference as much 
as 7 eggs per year. The difference in percentage deviation is in no case 
as large as 4 percent. 

Turning to the comparison of average deviation without regard to sign 
when prediction is made from trimonthly periods and from the records 
of individual months we note that the differences are without exception 
positive in sign. Thus they show a greater error when prediction is made 
from a single monthly record. The differences are, however, always less 
than 7 eggs per year and are generally less than 5 eggs. The percentage 
differences vary from 1.3 to 4.4 percent when both percentages are based 
on the annual total. 

Similar results are obtained for the square root of mean square deviation. 
The deviations are larger throughout when prediction is made from single- 
months records than when made from three-months records. The differ- 
ences are not, however, large. They range from 2.05 to 7.79 eggs, or from 
1.30 to 4.94 percent of the annual average production. 

Thus while practically without exception a closer prediction of the 
annual egg record of individual birds can be made from three-months 
production the difference between a three-month period and a single- 
month period is by no means so large as one unacquainted with statistical 
theory might have assumed. 
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Prediction of the production of a subsequent period from the sum of three 
monthly records 


The equations required are the following: 


Months from which prediction Period for which predic- Prediction equation 
is made tion is made 
November, Dec. and Jan. February to October Ey = +126.742 + 0.770 (e: + e2 + €3) 
Dec., Jan. and Feb. March to October Eg = +112.051 + 0.806 (e2 + e3 + e) 
Jan., Feb. and March April to October E;= +81.464 + 0.935 (e; + e, + 5) 
February, March and April May to October Es = + 49.753 + 0.955 (e, + es + es) 
March, April and May June to October Es; = +25.210+ 0.850 (e; + e. + e7) 
April, May and June July to October Ey= +7.063+ 0.770 (e5 + e7 + es) 
May, June and July August to October EF; = —1.975 + 0.594 (e7 + es + e9) 
June, July and August September to October FE: = —4.701 + 0.377 (es + €9 + e10) 
July, August and September October Ei = —3.343+ 0.172 (e9 + eo + e1) 


Table 11 contains the average deviations with regard to sign, of the 
predicted yield of remaining months, from the actual productions, when 
prediction is made from the total yield of three consecutive months. 

The deviations range from 0.20 to 3.30 eggs or from 0.27 to 18.22 per- 
cent of the actually observed yield. As far as this criterion shows, predic- 
tions are excellent for all periods from that including February to October 
to that for August to October. The September-to-October record and the 
October record, however, cannot be predicted with a high degree of accuracy, 
the errors being over 17 percent of the mean value for these months. 

The average deviations without regard to sign, shown in table 12, range 
from 5.24 to 25.93 eggs, the values decreasing as the length of the period 
for which prediction is made becomes smaller. The reverse is true of the 
percentage values which increase from 18.66 percent for the period February 
to October to 89.23 percent of the actual yield for the month of October. 

Similar results are obtained when the formulae are judged by the square 
root of mean square deviation of the predicted from the actually observed 
egg record as shown in table 13. These root mean square deviations range 
from 33.84 for February to October to 6.44 for the month of October alone, 
or from 24.30 percent for the group of 8 remaining months of the year to 
109.67 percent for the last (single) month. 

The results for the prediction of two of the groups of remaining months 
from the combined records of three-months production are represented 
graphically for the three months November to January in diagram 9 and 
for the three months March to May in diagram 10. It is the lower figure 
which is to be consulted in each case. 

The gentle slope of the lines and the considerable irregularities of the 
means show that prediction of the record of a period of remaining months 
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is not so satisfactory as might be desired. Great irregularities are to be 
expected when a flock of only 415 birds is divided up into such a large 
number of classes. The results indicate that if applied to larger flocks 
the prediction equations for the production of a group of remaining months 
from three-months recorded production might be made with greater 
precision. 

In comparing the error of prediction for a group of subsequent months 
from three-month periods with the errors of prediction for the same period 
when prediction is made from single months we require three sets of equa- 
tions for the prediction of the yields of a group of months from a monthly 
record. Two sets of these have been given on page 282 and‘ used in com- 
parison with the results of prediction from bimonthly periods. 

The additional equations required are: 


Month from which predic- 


ideas be enndle Period for which prediction is made Prediction equation 
November February to October Ey = +134.546 + 1.143 e 
December March to October Es = +122.721 + 1.165 e 
January April to October E; = +106.659 + 1.033 e; 
February May to October Es = +80.512 + 1.342 e& 
March June to October E; = +47.994+ 1.462 e 
April July to October Ey = +30.111+ 1.219 e 
May August to October E; = +13.094 + 1.008 e; 
June September to October E,= +3.462 + 0.649 es 
July October Ei = +0.297 + 0.240 eg 


When we compare the results for the prediction of the yield of a group 
of subsequent months from single monthly records and from trimonthly 
records of production we find that the differences in errors of prediction 
are surprisingly small. Specifically we note that in the case of the average 
deviation with regard to sign, shown in the two last columns of table 11, 
the differences in actual errors range from 0.03 to 3.42 eggs while the differ- 
ences in percentage values range from 0.05 to 10.55. In some cases the 
three-month period gives a numerically larger error of prediction while 
in other cases the one-month period gives the larger error. 

When the comparison is made on the basis of average deviation without 
regard to sign (table 12) the single-month period gives a slightly larger 
average deviation in most cases, 23 out of 27 cases. The differences are, 
however, very small, varying from 0.12 to 1.14 eggs. 

Similar results are obtained when the comparisons (between the single 
component months and the three-months record as bases of prediction) 
are based upon square root of mean square deviation (table 13). In 23 
of the 27 cases prediction from a monthly record gives slightly more variable 
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errors than prediction from the combined record of three months. The 
differences are, however, insignificant, varying from 0.02 to 1.68 eggs. It 
is clear, therefore, that if the linear equation be used for the purpose of 
predicting the yield of a group of remaining months, about as good results 
for practical purposes may be obtained from single month records as from 
the sum of three months records. 

It is quite possible that with equations other than the linear this will 
not be the case. Such equations will be investigated in future work. 


Comparison of the two- and three-month periods as bases for the prediction of 
the egg record of the subsequent months 


In the foregoing discussion comparisons between the value of single- 
month periods and two-month periods and between single-month and three- 
month periods as bases for prediction have been made. It will be of some 
interest to compare two- and three-month periods in the same way. Cer- 
tain of the data may be rearranged from preceding tables. Special calcu- 
lations would, however, be necessary to complete all of the possible com- 
parisons. It is evident that for a critical comparison between the two 
groups it is necessary to deal with the egg record of a group of remaining 
months. Thus in comparing November-to-January production with 
November-and-December or December-and-January production as bases 
of prediction it is necessary to determine the accuracy with which the egg 
production of February to October may be predicted since none of the 
months included in the base of prediction should also occur in the period 
for which prediction is made. 

Limiting our attention to the comparisons which can be made from the 
data in the preceding tables’ we note that in some cases there is a larger 
average deviation with regard to sign in predicting from two-months and 
in some cases a larger error in predicting from three-months production. 

The same may be shown to be true for the average deviation without 
regard to sign and for the square root of mean square deviation of the 
predicted from the actual values. Thus there is little practical advantage 
in dealing with three-months production as compared with two-months 
production as bases for the prediction of the record of a group of subsequent 
months. 


7 The subsidiary tables upon which the following conclusions were based may be formed from 
tables 5 to 7 and 11 to 13. It seems unnecessary to publish these tables here. 
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Comparison of the four periods as bases for the prediction of the egg record 
of the year 


In the introductory sections of this paper we called attention to the so- 
called periods or cycles of egg production which have been recognized by 
a number of students of fecundity in the domestic fowl. It might at first 
seem desirable to compare the results of predicting from these periods. 

Since these periods are consecutive and together make up the entire 
laying year it is impossible to obtain any common basis for testing their 
efficiency such as has been found in periods of subsequent months in pre- 
ceding tests. 

In view of this fact it does not seem desirable in this place to go into the 
question of the comparison of these conventional periods as bases of pre- 
diction. Practically all of the data required for such comparison as can 
be made appear in the foregoing tables 2 to 13. The reader who desires 
to do so may abstract the constants from these tables. 


SUMMARY AND CONCLUSIONS 


The specific purpose of the present paper, which is one of a series dealing 
with the general problem of variation and correlation of egg production 
in the domestic fowl, is to consider the possibility of predicting the future 
egg production or the total annual egg production of White Leghorn birds 
from the record of an individual month or a group of consecutive months. 

The investigation has been carried out because of two convictions: 
First, factors underlying the distribution, inheritance and interrelation- 
ships of fecundity in birds present a problem of first-rate biological impor- 
tance. Second, that it is one of the functions of the biologist to provide 
the agricultural economist with the quantitative constants and formulae 
upon which the scientific agriculture of the future must largely rest. 

The method followed has been to determine a series of prediction equa- 
tions based on the experience of six years (1911 to 1917) of the INTER- 
NATIONAL EGG-LAYING CONTEST at Storrs and to test these equations upon 
an additional series of 415 birds studied at Storrs in 1917-1918. Thus the 
equations have been tested upon a different series of birds from that upon 
which they were based, but upon birds maintained under conditions com- 
parable with those upon whose record the fundamental equations were 
based. 

The results show that the annual egg record of a series of birds may be 
predicted with a reasonably high degree of accuracy when their performance 
for a single month is known. Somewhat higher accuracy may be obtained 
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when the record of two or more months is taken into consideration, but the 
improvement due to an increase in the number of months upon which 
prediction is based is not great. 

Prediction of the egg record which will be made by groups of birds sub- 
sequently to the month or group of months chosen as a basis of prediction 
can also be made, but the accuracy of prediction decreases rapidly as the 
period for which prediction is made becomes shorter. 

The results show that in the case of a flock of White Leghorn fowl, which 
is essentially identical in genetic composition and maintained under essen- 
tially uniform conditions from year to year, it is quite possible to estimate 
annual egg production from the record of either a single month or of two 
or three consecutive months with a high degree of accuracy. The same 
is presumably true of other breeds as well. This point is now under 
investigation. 

It is probably not feasible to use the equations given in this paper for 
flocks differing greatly in genetic composition or in conditions of mainte- 
nance from that upon’ which these equations were based. The problem 
of the determination of corrective terms by which the equations may be 
applied to flocks other than that upon which they are based is now under 
investigation. 
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